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INTRODUCTION. 

In  the  extenelre  literature  on  the  Turhella- 
rla  one  finds  rather  detailed  and  oareful  studies  oon- 
oeminp  hoth  the  structure  of  the  eyes  and  the  reactions 
to  light  in  various  forms.   In  very  little  of  this  work, 
however,  is  there  any  attempt  to  coordinate  the  known 
histological  details  of  the  eye  with  the  reactions  to 
light.   The  chief  object  of  the  present  paper  is  to  as- 
certain in  how  far  the  function  of  the  eyes  in  the  reac- 
tions to  light  in  i'lanarla  maoulata  can  be  correlated 
with  the  histology  of  these  organs. 

une  of  the  most  important  contributions  to  our 
knowledge  of  the  turbellarian  eye  is  Hesse's  ("97)  study 
of  the  structure  of  these  organs.   hesse,  working  for 
the  most  part  with  certain  triclads,  found  that  all  such 
eyes  consist  of  two  parts:  first,  the  visual  cells  or 
retinulae,  each  of  which  possesses  a  typical  nucleus  and 
is  extended  distally  to  form  a  bulblike  rhabdome,  and 
proximally  to  form  a  nerve  process  which  enters  the 
"brain";  second,  the  pigment  or  accessory  cells  which  form 
a  more  or  less  cup- shaped  structure  partially  enclosing 
the  rhabdomes  or  sensory  area  of  the  eye.   He  states 
that  the  number  of  retinulae,  as  well  as  of  pigment  cells 
varies  in  different  species  from  one  to  a  large  number. 
The  triclads  studies  by  Hesse  were  negative  to  light 
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2. 
and  henoe  moved  away  from  the  eouroe  of  etimulation.  iie 
ex|>lalned  this  reaction  as  due  to  the  fact  that  when  an 
animal  moves  away  from  the  light  the  eensory  oells  or 
rhahdomes  are  shaded  by  the  pigment  cup;  whereas,  when 
the  apeoimen  moves  in  any  other  direction  the  pigment 
oup  does  not  shade  ell  of  the  rhaMomee.   ^Vhen  certain 
of  the  rhabdomes  are  illuminated,  as  in  the  latter  oase, 
the  animal  turns  so  as  to  bring-  the  sensory  region  of  the 
eye  again  into  the  shadow  of  the  pigment  cup.   Hesse 
maintains  that  localization  of  the  photic  stimulus  is  the 
specific  function  of  the  pigment  oup  which  enables  the 
animal  to  direct  its  course  away  from  the  source  of  light. 

Kepner  and  Taliaferro  ('16 J, in  working  on  the 
eye  of  the  rhabdocoele,irrorhynchus  applanatus,  found  that 
it  consisted  of  one  retinula  associated  with  a  unicellu- 
lar pigment  oup  or  accessory  cell.   Although  the  rela- 
tion of  these  two  elements  is  exactly  that  found  by 
Hesee  ('97),  they  found  that  the  retinula  consists  of 
three  regions:  (1)  a  lateral  nucleus  bearing  region  which 
is  closely  applied  to  the  brain  and  extends  as  a  nerve 
fibre  into  this  organ,  (2)  a  middle  region  which  is  lens- 
shaped  and  in  both  living  and  fixed  material  presents  the 
structure  of  a  highly  refractive  homogeneous  body,  and  (Si 
a  mesial  region  or  the  true  rhabdome  which  fills  the  pig- 
ment cup. 
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Kepner  and  Poehee  ('17;  In  a  further  etudy  of 
tX^  ProrhynohuB  applanatus  point  out  an  interest ingr  com- 
parison between  the  three  rej?ion8  of  the  retinula  in 
Prorhynohus  and  the  retinula  (rods  and  cones >  of  verte- 
brates.  The  nucleus  bearing  regrion,  the  hi^ly  refrac- 
tive region,  and  the  rhabdome  of  Prorhynohus  are  analo- 
gous, if  not  indeed  homologous  with  the  myold,  ellipsoid 
and  rhabdome,  respectively,  in  the  rods  and  cones  of  the 
vertebrates.   This  comparison  is  especially  Interesting 
in  that  the  retinula  of  both  flatworins  and  vertebrates 
are  of  the  inverted  type. 

Ja.nichen( '97)  was  probably  the  first  to  describe 
the  middle  region  in  the  retinula  of  the  turbellarian  eye 
as  a  definite  structure.   He  referred  to  it  in  Planarle 
gonooephala  as  the  "ZwischenstfioTc"  but  placed  no  emphasis 
upon  it.   BBhmig  ('91)  I'.xxi,  flp-.  1?^;  figures  much  the  same 
type  of  struoture  in  the  rhabdoooele  Monoophorum  stria- 
tum but  does  not  mention  it  in  his  description.   Also, 
in  the  eye  of  the  polyclad  Pelmatoplana  as  figured  by 
oohmidt  ('OE)  there  is  a  body  very  much  like  the  one  undter 
consideratlon^but  it  is  considered  by  that  author  to  be 
a  nucleus . 

ijio  attempt  will  be  made  to  review  in  detail  the 
literature  of  the  reactions  of  the  turbellaria  to  light. 
iJuch  a  review  may  be  found  in  Walter's  ('07)  paper  on  the 
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4. 
reactions  of  planarlans  to  li?ht.   We  will,  therefore, 
confine  oureelvee  to  certain  papers  dealing  with  the 
functions  of  the  eye.   The  first  paper  treating  this 
apeoifio  subject  is  that  of  Loeb  ( '94),  who  maintains 
that  decapitated  specimens  of  i-lanaria  torva  react  to 
light  in  precisely  the  same  manner  as  normal  specimens, 
hut  that  the  reactions  are  slower.   xie  fou  id  .however, 
that  the  removal  of  the  "brain"  and  eyes  of  the  polyclad 
ThysanozoSn  brochii  ,  unlike  i^lanaria  torva,  caused  the 
animals  to  lose  their  responsiveness  to  light, 

Hesse  ('97j,  in  the  paper  mentioned  above, 
carried  out  similar  experiments  on  Planaria  gonooephala 
and  obtained  results  which  agreed  with  Loeb's  work  on 
Planaria  torva,  namely,  that  decapitated  worms  showed  the 
same  reactions  to  light  as  normal  ones  except  that  the 
reactions  required  more  time, 

Parker  and  Burnett  I '00  J  made  a  much  more  com- 
prehensive and  thorough  study  of  the  same  question,uBing 
more  accurate  methods  and  treating  the  results  6tatisti- 
oally.  They  used  in  their  experiments  Planaria  gonooeph- 
ala and  confirm  in  the  main  the  results  obtained  by  pre- 
vious investigators  both  as  regards  the  reactions  of  de- 
capitated worms  and  the  time  required  for  such  reactions. 

In  experiments  on  regeneration  in  Dendrocoelum 
laoteum,  Lillie  ( '01)  found  ,  in  harmony  with  the  results 
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6. 
Obtained  by  Loeb  in  the  polyolad  ThysanozoOn,  that  pos- 
terior headless  pieces  of  this  turbellarian  do  not  react 
to  lip-ht  like  normal  speoimens.   iie  also  maintains  that 
any  pieoe  of  a  specimen  of  Dendroooeltm  ladteum   -' <>  '*», 
which  is  incapable  of  regreneration  is,  after  a  day  or 
so,  incapable  of  g-lving  the  normal  responses  to  light. 
Mast  ClO)  in  a  preliminary  account  of  some 
experiments  on  a  marine  turbellarian,  probably  a  triolad, 
found  that  these  animals  owient  fairly  precisely  to  a 
horizontal  beam  of  li^ht,  bnt  that  they  do  not  orient 
after  the  eyes  have  been  removed  by  grouping  them  out 
with  a  soa^el. 

ij'rom  this  short  survey  of  the  literature  we  see 
that  while  the  various  descriptions  of  the  structure  of 
the  turbellarian  eye  agree  in  all  major  details,  the  re- 
sults of  the  work  on  the  function  of  such  eyes  are  so 
conflicting  that  it  is  almost  impossible  to  draw  any  def- 
inite conclusions.   The  work  of  Loeb  ('94i  on  Planaria 
torva,  Hesse  ('97}  on  Planaria  gonocephala  end  Parker 
and  Burnett  ('OOi  on  the  same  form,  indicate  that  the 
removal  of  the  eyes  affects  the  reactions  to  light  very 
little  except  to  make  the  reactions  slower.   Opposed  to 
these  results,  the  work  of  Loeb  ('y4J  on  Thysanozofln 
broohii,  Lillie  ('01)  on  Dendrocoelum  laotum,  and  -.est 
( 'lOJ  on  a  marine  form  indicate  that  removal  of  the  eyes 
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6. 
results  In  the  loss  of  the  typical  reaotions  to  light. 
In  all  of  this  work,  however,  with  the  poeeible  exoep- 
tion  of  jiast,  the  technique  wnployed  was  very  orude. 
With  this  one  exception  the  method  of  removing  the  eyes 
was  to  remove  the  entire  head.   The  results  of  the 
present  paper  make  it  very  douhtful  if  conclusions  re- 
garding the  functions  of  the  eyes  can  he  drawn  from  the 
study  of  decapitated  specimens. 

The  plan  of  the  present  paper  is,  first,  to 
make  a  careful  histological  and  oytologioal  study  of  the 
eye  in  ilanaria  maoulata  and  second,  with  this  anatomi- 
cal background,  to  ascertain, by  much  more  precise  tech- 
nique than  used  previously,  the  part  played  by  the  eyes 
in  the  reactions  to  light.   This  necessitated  a  study 
of  the  normal  reactions  to  light.   Similarly  it  led  to 
a  study  of  the  mechanics  of  orientation  to  light  in 
specimens  which  had  one  or  both  eyes  removed  and  of 
specimens  having  one  eyes  and  a  portion  of  the  other  eye 
removed.   it  also  led  to  a  study  of  the  function  of  the 
pigment. 

it  gives  me  great  pleasure  to  acknowledge  my 
indebtedness  to  rrofessor  o,  0.  naast,  under  whom  the  woric 
was  done,  and  to  rrofessor  vi.  A.  iiepner  of  the  Univer- 
sity of  Virginia,  who  besides  followiiig  the  work  with 
great  interest  tendered  many  helpful  suggestions  and 


J 

3V      lA  - 


,  V  >  ox i  r  »<T  a    b'*3  f>^  }<y  •:  •   •  -   "1  :■    •,:  t^rT  « 

■     ■..Itf^tq    -i-idri    aor:?    "';,r ''.•::: -jr  ^.     u  j    ,i    i  r-i-r^s.r a"     .fo 

;    r  -^:  cr-x.^J.^Etc      .-     •       •        -  -it-   i  •  lo 

T-o    JL-.a    ^:^vr  a«.t    aj^f*   d^rd   -^r.    >r-c    'erf  ^oiri-T    ja-^.t'is'f. 

•  vtxjj   v:j?  "it,.   larTf*^!   ...    .  .'■   i0P55?'t .'.t  j    '■>?    i.fTi«    ,»flOfc   bst 
'  *  t  V  •;; r  '^71    " ,•. :     -tii ?/o I  i c'':    •< ••• ' :  ^  •  •    •.  ■' .    ,  ^  '  r  t--  tt  *    io   x'^  ' '. 


7. 
orltloisms,       iiuoh  valnable  assietanoe  was  also  received 
from  ^xiss  i^.  L.    i>inwiddle  of  the  University  of  Virginia, 


8. 
MATERIALS  AND  METHODS. 

All  of  the  experimental  work  In  this  paper  was 
done  on  a  planar ian  found  in  abundance  in  en  abandonned 
ioe-pond  near  the  Univerelty  of  Virginia.   Uollectione 
were  made  by  bringing  roots,  leaves  and  detris  from  the 
margin  of  the  pond  and  placing-  them  in  large  aquaria 
filled  with  tap  water.   In  such  aquaria  specimens  be- 
gin to  rise  to  the  top  in  a  few  hours.    They  can  then 
readily  be  removed  with  a  section  lifter.   ^.Ithough 
most  of  the  experiments  were  performed  on  animals  which 
had  been  freshly  collected,  it  was  found  that  they  oould 
be  reared  in  the  laboratory  by  keeping  them  in  fresh 
spring  water  and  feeding  about  once  a  week  with  finely 
teased  lubifex. 

I'he  planarian  referred  to  above  belongs  to  the 
genus  flanaria^but  as  to  the  species  there  is  some  ques- 
tion, owing  to  the  fact  that  the  reproductive  organs 
were  not  observed  and  that  in  these  organs  are  found  the 
chief  characteristics  which  at  present  determine  the 
species.   ^specimens  have  been  collected  from  the  same 
locality,  at  irregular  inteirvals,  by  irrofessor  ii-epner 
for  nine  years  and  by  the  author  for  five  years.   in 
spite  of  these  repeated  attempts  no  sexually  mature  an- 
mals  have  been  obtained.   moreover,  specimens  have  been 
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reared  In  the  laboratory  and  kept  under  almost  constant 
observation  for  nearly  two  years.   i>urlng'  this  period 
the  animals  produced  solely  by  asexual  fission, 

in  an  earlier  report  of  this  work  i'lYi  the 
planarian  under  oonsideration  was  considered  a  new 
species.   ^t   the  present  time,  however,  the  writer  is 
of  the  opinion  that  it  is  so  closely  related  to  Planaria 
maculata,  Leidy,  that  it  may  be  considered  a  variety  of 
this  species.   In  shape,  size,  general  color,  and  nor- 
mal fission  it  agrees  very  well  with  the  Aesoription 
given  by  woodward  ('S?),  Curtis  ('02),  and  Bardeen  ('01 J 
for  Planaria  maculata.   in  color  it  is,  however,  very 
much  more  variable  than  maculata  Judging  from  the  descrip- 
tions of  this  species,    extending  from  an  almost  grey 
through  brown  to  almost  black.   There  are  also  other 
respects  in  regard  to  which  the  specimens  under  consid- 
eration do  not  agree  with  the  descriptions  of  rlanarla 
maculata.   imost  prominent  among  these  is  the  structure 
of  the  enteron.   ihe  descriptions  indicate  that  the  en- 
ter on  of  Planaria  maculata  has  many  anastomosing  diver- 
ticula,  in  the  planarian used  in  these  experiments 
there  are  relatively  few,  certainly  far  fewer  than  are 
shown  in  the  figures  of  Curtis  (•02),   There  ie  also  a 
marked  difference  in  the  reactions.   The  Planarians 
used  in  this  work  oriented  to  light  very  much  more  pre- 
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olBely  than  did  speolmenB  which  apree  more  closely 
with  the  desorlptlon  of  Planarla  meoulata  obtained  from 
other  localities. 

In  operating-,  three  methods  for  quieting  the 
worms  were  found  useful;  i.e.,  lowering-  the  temperature 
with  a  salt  and  ice  mixture,  adding-  a  few  oryetale  of 
ohlorotone  to  the  water,  and  treating-  the  animals  with 
carbon  dioxide.   Of  these  three  methods  the  last  was 
used  with  the  greatest  success ,   A  specimen  to  be  ope- 
rated upon  was  placed  under  a  binocular  in  a  flat  dish 
containing  a  layer  of  paraffin  on  the  bottom.   All  of 
the  water  was  then  drawn  from  the  specimen  with  a  small 
pipette  end  the  animal  quickly  covered  with  carbonated 
water  from  a  siphon  bottle  ordinarily  used  in  making 
carbonated  drinks.   In  twenty  to  thirty  seconds  the 
animal  thus  treated  usually  becomes  motionless.   I^he 
carbonated  water  was  then  drawn  off  and  the  specimen 
operated  on.   As  soon  as  the  operation  was  complete 
the  planarlan  was  removed  and  placed  in  a  numbered  aqua- 
rium filled  with  fresh  spring-water  where  it  was  kept 
for  observation.   The  practice  of  drawing  off  all  of 
the  water  Just  before  operating  Is  essential  as  it  caus- 
es a  secretion  of  mucous  which  holds  the  animal  fairly 
fast  to  the  substratum.   This  mucous  adheres  more 
strongly  to  paraffin  than  to  such  substances  as  glass. 
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The  operations  made  oonslet  largely  of  remov- 
luf  eyes,  making  Inoleione,  and  cutting  off  various  parts 
of  the  body.   The  Instrument  used  In  making  these  opera- 
tions consisted  of  a  fine  knife  made  by  breaking  a  diag- 
onal piece  from  a  Gillette  safety  razor  blade.   This 
was  then  placed  In  a  wooden  handle  and  carefully  ground 
on  the  back  to  a  fine  point.   With  careful  manipulation 
one  can  run  such  a  knife  under  the  eye  of  a  planarlan, 
ana  remove  It  without  appreciably  disturbing  any  other 
organ.   Parts  of  an  eye  can  even  be  removed  without 
destroying  the  capacity  to  function  of  the  remainder  of 
the  organ. 

In  making  delicate  operations  upon  planariane 
It  was  soon  recognized  that  there  was  no  way  of  accurate- 
ly estimating  the  Injury  from  the  operation  In  the  living 
specimen.   For  this  reason  each  animal,  after  being  exper- 
imented upon,  was  carefully  fixed  and  sectioned  to  ascer- 
tain the  extent  of  the  Injury  to  the  various  organs.   In 
this  as  well  as  in  the  general  histological  work  several 
fixing  fluids  were  used,  such  as  Fleming's  stronger  solu- 
tion, Benin's  fluid,  Worcester's  fluid,  end  various  cor- 
rosive sublimate  mixtures.   In  practically  all  cases, 
however,  the  best  results  were  obtained  with  a  chromo- 
aceto-  formalin  mixture  used  by  Kepner  and  Taliaferro 
('16)  in  working  with  xthabdocoeles.   One  very  desirable 
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oheracterlBtlB  of  this  fluid  1b  that  It  kills  so  rapid- 
ly that  no  anesthetio  is  neoeesary  to  ohtain  animale 
fixed  free  from  oontortions.   In  the  c-eneral  hlstol ep- 
ical work  iron  Eaematozylln  with  BordeaixxKed  and  Hallo- 
ry'B  connective  tissue  stain  were  used.   For  ascertain- 
ing the  amount  of  injury  due  to  the  operations  by  far 
the  most  useful  w&s  Kallory's  connective  tissue  stain. 
For  general  purposes  this  stain  was  used  almost  exclu- 
sively. 

The  apparatus  used  for  observing  the  orienta- 
tion of  animals  in  a  horizontal  beam  of  light  was  essen- 
tially like  that  used  by  liast  Cll)  and  a  number  of 
other  investigators  ifig»l).   The  apparatus  was  so  con- 
structed that  two  horizontal  beams  of  light      Inter- 
sected at  right  angles  In  the  aquarium  in  which  the  ob- 
servations were  made.   Either  beam  could  be  eliminated 
and  the  one  eliminated  could  be  changed  almost  Instantly 
by  menas  of  a  double  throw  switch  (K,  fig.l).   Each 
beam  of  light  was  produced  by  a  125  watt  gas-filled 
lamp  (L,L*,  fig.l)  which  was  housed  in  a  well  ventilated, 
light-tight  box  and  properly  screened.   Each  of  these 
boxes  was  placed  on  a  graduated  tract  along  which  they 
could  be  moved.   The  distance  of  the  light  source  and 
hence  the  intensity  of  illumination  could  thus  be  varied 
at  will.   iach  beam  of  light  after  leaving  the  aperture 
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jrigare  1. 
Diagram  of  apparatus  for  obeerving  reactions  of  ir'lana- 
rla  to  a  horizontal  beam  of  light.  A,  aquarlua;  B,B' 
lamp  boxes  which  can  be  movel  toward  and  away  from  the 
aquarium;  C, position  of  drawing  board  when  camera  luci- 
da  was  used;  IL,  double  pole,  double  throw, knife  switch; 
L,L', 126  watt  gas-filled  lamps;  St, Si',  Sg ,Sp' .screens ; 
T.wlree  to  wall  tap;  W,W',  distilled  water. 
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In  Its  box  was  paeeed  through  distilled  water  ( £5inin.)  to 
remove  the  heat  waves  and  was  then  so  screened  as  to  per- 
mit praotioally  nothing  but  parallel  rays  to  etrllce  the 
animals,  (flp.l).   The  heat  waves  were  of  course  further 
absorbed  by  passing  through  the  water  of  the  aquarium 
in  which  the  animals  were  placed.   The  stand  on  which 
the  aquarium  rested  was  the  same  height  as  a  microscope 
stage  so  that  in  carefully  observing  the  path  of  an  ani- 
mal a  microscope  with  a  camera  luoida  attachment  could 
be  substituted  for  the  atand.   V.hen  a  microscope  with  a 
camera  luoida  was  used  a  small  drawing  board  was  placed 
beside  the  microscope  (o.flg.li  and  illuminated  by  a 
small  light  which  was  so  screened  that  no  light  could 
strike  the  animals  under  observation.   In  tracing  the 
paths  of  specimens  with  a  microscope  and  camera  lucida  it 
was  found  quite  advisable  to  use  very  low  magnifications. 
The  use  of  very  low  objectives  (1-8  inch;  and  eyepieces 
not  only  permitted  the  observation  of  speclniens  over  a 
greater  range  but  it  also  obviated  the  necessity  of  pro- 
viding any  vertical  illtunination  for  the  mloroBcope,  the 
horizontal  beam  of  light  used  in  the  experiment  being 
quite  sufficient.   Had  it  been  necessary  to  use  vertical 
llliunlnation  it  might  have  introduced  an  extraneous  fac- 
tor in  these  experiments. 

The  aquaria  In  which  the  animals  were  observed 
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were  rectangular.   They  were  made  of  plate  glass  and 
Kotineky  oement.   The  use  of  such  aquaria  is  essential, 
as  it  is  practically  impossible  to  control  the  path  of 
the  rays  of  light  after  being  refracted  by  the  irregu- 
lar curved  sides  of  the  ordinary  aquarium.   All  obser- 
vations were  made  in  a  dark  room  and  as  far  as  possible 
all  apparatus  was  painted  dull  black  so  as  not  to  reflect 
light. 

The  apparatus  used  for  measuring  the  rate  of 
movement  in  speciir.ens  was  eseentially  like  that  of 
?.alter  ('07,  p. 55).   The  animals  were  placed  in  an  aqua- 
rium which  was  held  a  few  inches  above  a  table  by  means 
of  a  burette  stand  and  clamp.   A  pantograp;Kh  was  then 
80  arranged  that  the  style  on  the  tracing  ann  was  di- 
rected upward  and  could  be  moved  beaeath  the  aquarium. 
Care  should  always  be  taken  not  to  allow  the  tracing 
style  to  oome  in  contact  with  the  aquarium  as  the  oon- 
Bequent  jarring  causes  quite  a  disturbance  in  the  reac- 
tions of  the  specimens.   A  pencil  in  the  remaining  ann 

placed 

of  the  pantograpth  was  directed  downward  and/^in  contact 
with  a  sheet  of  paper  on  the  table.   By  means  of  the 
style  a  given  worm  could  be  followed  and  the  path  re- 
corded.  All  such  paths  were  made  at  a  magnification  of 
two  dianeters  to  facilitate  measuring  them.   After  the 
path  of  a  specimen  was  recorded  for  a  definite  number  of 
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mlntiteB  It  was  measured  with  a  ohartometer.   In  this 
way  the  character  as  well  as  the  length  of  the  path 
could  be  ascertained. 
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STRUCTURE  OF  THE  EYE, 


Aooordlng  to  all  of  the  recent  AeBcrlptlons 
of  the  str-QOttire  of  the  tnrbellarlan  eye  It  oontalnB  two 
regione,  —  a  pigment  cup  formed  by  the  pigment  or  aooes- 
Bory  oells,  and  a  sensory  region  composed  of  visual  cells 
or  retinulae.   As  has  been  previously  stated  a  careful 
study  of  the  retinula  has  shown  in  at  least  one  form, 
rrorhynohus  applanatus,  that  it  is  composed  of  three  re- 
gions --  the  nucleus-bearing  portion,  a  central  highly 
refractive  lens-shaped  portion,  and  the  true  sensory 
portion  or  rhabdome.   These  three  regions  bear  a  strik- 
ing resemblance  to  the  three  regions  of  the  rods  and  conei 
in  the  vertebrate  eye;  i.e.,  the  myoid,  ellipsoid,  and 
rhabdome,  respectjflvely.   llie  ooirqparison  is  of  especial 
interest  in  that  the  retinulae  in  both  groups  of  animals 
are  of  the  inverted  type  and  hence  the  arrangement  of 
the  three  regions  In  relation  to  the  entrance  of  the 
stimulating  light  is  the  same.   Moreover,  the  central 
region  of  the  retinula  of  Prorhynchus  was  observed,  both 
in  lllBlng  and  fixed  material>to  be  the  most  highly  re- 
fractive portion  of  the  cell.   This  also  holds  for  the 
central  region  or  ellipsoid  of  the  vertebrate  retinula. 

The  eyes  of  Planar la  maoulata  appear  as  two 
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emsll  conspicuoue  dark  spots  on  the  anterior,  dorsal 
surface  of  the  anlaal  near  the  median  line.   Eaoh  eye 
lies  directly  over,  and  near  the  anterior  marfln  of  a 
dorsal  panfllon.   The  plpment  ree-lons  constitute  the 
pigment  cups.   The  opening-  of  eaoh  pigment  oup  Is  di- 
rected laterally,  anteriorly,  and  slightly  dorsally. 
It  Is  formed  by  a  single  layer  of  pigment  or  accessory 
cells  (fig.E.A.J.   By  referring  to  figure  2  it  may  be 
seen  that  the  pigment  of  the  pigment  oup  is  in  the  form 
of  granules  and  that  these  are  represented  as  being  con- 
centrated at  the  inner  surface  of  the  accessory  cells. 
It  has,  however,  "been  repeatedly  observed  that  in  gener- 
al, these  granules  of  pigment  are  concentrated  at  the 
inner  surface  of  the  pigment  cell  after  the  animal  has 
been  exposed  to  long  continued  illumination  and  that  in 
darkness  they  tend  to  scatter  through  the  entire  cell. 
The  cavity  of  the  pigment  cup  is  filled  with 
the  distal  end  of  numerous  retinulae  (fig.  2,  R.).  The 
number  of  these  retinulae  in  any  given  eye  has  not  been 
precisely  ascertained  but  it  is  approximately  two  hun- 
dred.  Each  retinula  consists  of  three  regions —  a 
rhabdome,  a  central  highly  refractive  region,  and  a 
nuoleus-bearing  portion  (fig.3).   The  rhabdome  and  cen- 
tral region  constitute  the  portion  of  the  retinula  sur- 
rounded by  the  pigment  oup.   The  nucleus-bearing  por- 


•    -.    Jocr  a*rf  9V.9  navfj^  ijnui  nt  'ja»^J'  '^o  ■x^iiiSBn 


19. 


R< 


>A 


NA 


Figure    2. 

Camera   lucida  dra^^ing  of  a 
of  the   eye   of  Planaria  inaculata.        A 
ITA,    nucleus   of  accessory   cell;        P, 
ing  visual  cells    or   retinulae,    some 
omitted;        R,    retinulae;        Rh,    rhabd 
the   rhabd ome  ;        M,   middle    region  of 
portion   of  the  nucleus-bearing   TPi^io 
(the   nucleus   as   well  as   the    greater 
gion  lie    outside    of  the    pigment   cup 
in  the   drawing)  . 


transverse   section 
,    accessory  cells; 
pigm-^nt   cup  contain- 
of  which  have   been 
ome;        3,   striae    in 
the    ret  inula;        N,    t 
n   of   the    ret  inula 
portion   of   this    re- 
and   are   not   shown 


tion  IB  In  reality  a  nerve-like  fibre  which  extends  from 
the  oentral  region  of  the  rhahdome  through  the  opening 
of  the  pigment  oup  to  the  "brain".   Some  distance  from 
the  oup  there  la  an  enlargement  In  the  fibre  whloh  oon- 
talns  the  nucleus. 

The  three  regions  of  the  retlnule  are  differ- 
entiated very  distinctly  In  material  stained  with  iwallo- 
ry's  connective  tlSBue  stain.   The  rhabdome  whloh  Is 
situated  next  to  the  well  of  the  pigment  cup,  shows  nu- 
merous radiating  striae  (fig.  E,  S).   The  atria*'  all 
radiate  from  the  oentral  region  which  is  a  clear,  more 
or  less  spherical  body.   This  region  (fig.2,M)  stains 
bright  orange  while  the  rest  of  the  retinulae,  with  the 
exception  of  the  nucleus,  stains  blue.   In  fixed  ma- 
terial this  region  is  optically  the  densest  portion  of 
the  retinula.   No  espeoial  structure  can  be  distinguish- 
ed in  the  third  or  nucleus-bearing  region  except  the  nu- 
cleus.  This  is  large  and  somewhat  spherical  (fig.S.H). 
Its  general  appearance,  as  well  as  its  staining  reaotione, 
indicate  that  it  Is  a  modified  nerve  element. 

All  of  the  fibres  of  the  nuoleus-bearlng  region 
issue  from  the  pigment  cup  at  the  anterior,  lateral,  mar- 
gin of  the  opening.   This  was  later  found  of  great  Impor- 
tance as  any  injury  to  the  anterior  part  of  the  eye  de- 
stroys the  function  of  the  entire  organ  by  destroying 
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Figure  3. 
Diagram  representiner  analogous  structures  in  the  retin- 
ulae  of  vertebrates  and  flatworms .   A,  retinula  (rodj 
of  frog  (after  Kepner  and  jJoehee  '17  from  Arey  '16); 
B,  retinula  of  rrorhynohus  applanatus  (after  Kepner  and 
Foshee  '17);  C,  retinula  of  Planarla  aaoulata;  Line  1 
indloates  the  rhabdomes  of  the  three  retinulae;  line  2 
oonneots  the  ellipsoid  of  the  frog  with  the  analogous 
parts  of  the  retinulae  of  ir'rorhynchus  and  i^lanaria; 
line  3,  the  myoid;  i*,  nuclei. 
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these  fibres . 

From  this  description  it  is  evident  that  the 
retinula  in  Planaria  maoulata  is  very  much  like  the 
retinula  in  Prorhynohus  applanatua  and  the  regions  fotml 
in  it  are  consequently  similar  to  the  rhabdome,  ellipsoid, 
and  myoid  of  the  vertebrate  rods  and  cones,  just  as 
Kepner  and  Foshee  ('17)  maintain  for  Prorhynchus  appla- 
natus  (fip.S;. 

The  discovery  of  this  analogy  or  possibly  ho- 
mology of  the  parts  of  the  retinula  of  the  rhabdoooele 
eye  with  the  parts  of  the  vertebrate  eye  is  very  signif- 
cant  for  it  strongly  supports  the  contension  of  some  ob- 
seirvere  that  the  simple  chordate  eyes  of  Branohlostoma 
are  homologous  with  the  fletworm  eyes.   It  is, of  course, 
questionable  whether  organs  of  two  groups  of  animals  as 
far  removed  as  are  the  Platyhelmenthes  and  chordates  can 
be  homologised. 
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ORIEHTATIOH  TO  LIGHT  IH  NORMAL  SPEGIMEUS. 

With  the  exception  of  a  few  forms  like 
Bdelloura,  all  of  the  speoles  of  trlclads  whose  reeotione 
to  light  have  been  studie*  are  negative  to  light.   The 
earlier  investigators, Loeh  ('93,  '94;,  Hesse  ('97), 
Parker  and  Barnett  ('OOJ  maintained  that  the  species 
worked  upon  do  not  orient  to  the  direction  of  the  rays 
of  light  to  any  marked  degree  but  simply  tend  to  come  to 
rest  in  the  areas  of  least  intensity.   Later  Investiga- 
tors, however,  Salter  ('07;  and  kast  I'lOy  found  evidence 
of  falrl:/  precise  orientation. 

Orientation  to  a  horlgontal  beam  of  light.     Planar la 
maoulata  moves  over  the  substratum  with  an  even  gliding 
motion.   During  this  process  the  anterior  tip  of  the 
head  as  well  as  the  cephalic  lobes  are  considerably  ele- 
vated above  the  rest  of  the  body.   There  is  no  contin- 
ual pronounced  side  to  side  movement  of  the  anterior  end, 
A  given  specimen  may,  however,  at  irregular  Intervals 
raise  the  anterior  end  and  wave  It  from  side  to  side,  but 
this  reaction  usually  continues  only  for  a  brief  Interval, 
after  which  the  animal  resumes  Its  normal  gliding  course. 
This  "waving"  reaction  is  what  Walter  I '07, p. 49/  has  term- 
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ed  "wigwagging  movements".   He  ('07,  p. 49)  considers 
"wigwagginp  moveraents"  ae  attempts  "on  the  part  of  the 
worm  to  heoome  edJtiBted  to  the  stimuli  acting  upon  it." 
another  movement  of  this  general  character  which  I  have 
designated  as  the  "twisting  reflex"  will  be  taken  up 
later. 

A  specimen  which  is  illuminated  by  light  from 
a  single  source  moves  fairly  directly  away  from  the  source. 
If,  after  such  a  specimen  has  become  oriented  in  a  hor- 
izontal beam  of  light,  it  is  illuminated  laterally  by  a 
sudden  change  in  the  direction  of  the  rays  through  90°  it 
usually  turns  directly  away  from  the  source  of  light, 
without  preliminary  trial  movements  as  indicated  in  fig- 
ures 4  and  5.   xiy  referring  to  figure  4,  which  is  a 
camera  luoida  drawing,  it  will  be  seen  that  in  this  ex- 
periment the  direction  of  the  rays  was  changed  five  times 
and  that  the  planarian  turned  directly  from  the  light 
each  time  without  trial  movements,   approximately  nine- 
ty camera  lucida  drawings  representing  the  effect  of 
changes  in  the  direction  of  illumination  and  the  reac- 
tions of  planaria  were  made.   aII  of  these  are  essen- 
tially the  same  as  the  one  reproduced  in  figure  4. 
Moreover,  the  process  of  orientation  was  observed  on 
many  other  occasions  and  it  was  found  that  planaria  prac- 
tically always  turn!^  directly  from  the  liiriat  without  trial 
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Figure  4. 
Oaaera  luoida  drawing  of 
the  path  of  a  planar! an  showing  the 
relation  between  changes  in  the  di- 
rection of  illumination  and  the  di- 
rection of  looornotion.   C-E,  path  of 
speoiiaen;  R.R'.H*',  points  at  which 
wandering  reflexes  took  place. 
Arrows  1-5  indicate  suooessive  direc- 
tions of  rays  of  light,  i^otted  lines 
extending  from  the  arrows  E-6  indicate 
the  position  of  the  planarian  on  its 
path  when  the  direction  of  the  rays 
was  changed. 


movements  • 

1.  Extraneous  reflexes  darinp  orientation.     After  a 
given  specimen  is  oriented  and  is  proceeding  away  from 
the  source  of  illumination  there  are  a  number  of  differ- 
ent motor  activities  that  can  "be  noted.   iwo  of  these, 
although  they  do  not  seem  to  play  any  significant  part 
In  the  normal  process  of  orientation,  will  be  described 
here  because  they  later  become  of  great  interest  In 
other  reactions  to  light.   ihe  iirst  of  these  i  have 
designated  the  "wandering  reJTlex",   After  an  animal  is 
oriented  it  takes  a  fairly  straight  course  for  a  certain 
distance  ( 1  to  4  cm, J, then  it  begins  to  wander  toward  the 
right  or  left.   if  the  animal  in  this  wandering  turns 
far  enough  to  alio*  the  rays  of  light  to  enter  the  pig- 
ment cup  of  the  eye  It  suddenly  re- orients  and  again  pro- 
ceeds directly  from  the  source  of  stimulation  as  repre- 
sentea  in  fleure  4,  K,  R' ,  K' ' .   in  referring  to  this 
figure  one  might  ask  why  this  "wandering  reflex"  with 
the  subsequent  re-orientation  occurred  only  after  the 
direction  of  the  rays  was  changed  at  6  and  not  after  the 
preceding  changes.   The  answer  to  this  lies  in  the  fact  that 
after  the  precej^ding  changes  in  the  direction  of  the  rays 
the  animal  was  not  allowed  to  proceed  far  enough,  for  as 
previously  stated  the  animal  always  proceeds  a  certain 
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Figure  5. 
Diagram  repreaentlnc  orientation  to  light  in  normal 
speoimens  and  "wandering  reflex" .   ihe  arrows  x  and  7 
indicate  the  direction  of  rays  of  light.   A,B,o,  and  B 
Indicate  path  of  specimen.   1,2,3,  and  4  snooesslve 
positions  of  specimen,   w,  point  of  beginning  of  "wan- 
dering reflex".   When  specimen  reacheA  position  I  the 
light^x  was  intercepted  and  light  y  turned  on. 
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distanoe  before  the  wanderlne  oommenoes.   In  practl- 
oally  all  of  the  numerous  records  made  of  the  orienta- 
tion to  lieht  In  Planaria  maoulata  this  wandering  re- 
action and  re-orientation  occurred  one  or  more  times. 

The  wandering  of  specimens  from  the  path  of 
orientation  and  the  subsequent  re-orientation  as  soon 
as  the  animal  turns  enoutrh  for  the  light  rays  to  enter 
the  pigment  cup  suggests  strongly  that  once  an  animal 
is  oriented  it  receives  no  orienting  stimulation  unless 
it  leaves  the  path  of  orientation.   This  will  he  con- 
sidered in  detail  in  another  section. 

The  second  type  of  reaction  alluded  to  above 
has  been  designated  the  "twisting  reflex".   Whenever 
a  planarian  is  proceeding  from  a  source  of  light  it 
pauses  at  irregular  intervals  and  twists  the  anterior 
end  so  that  the  ventral  surface  tends  to  be  directed 
upward.   Under  stronp  illumination  this  response  is 
exhibited  at  intervals  of  approximately  three  to  four 
centimeters. 

It  is  interesting  to  note  that  decapitated 
specimens  never  give  the  twisting  reflex.   When  the 
anterior  ends  of  such  specimens  are  allowed  to  regener- 
ate this  reflex  is  exhibited  only  after  the  anterior  end 
is  almost  fully  developed.   irom  a  study  of  the  sec- 
tions of  such  animals  there  is  considerable  evidence  in- 
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dioatln?  that  It  is  necessary  for  the  reg-eneratlon  of 
the  "brain"  to  be  praotioally  oomplete  before  it  oocura. 
Heither  the  twisting  reflex  nor  the  wandering 
reflex  apparently  plays  any  significant  part  in  the  nor- 
mal process  of  orientation,  but  as  we  shall  see  later 
both  play  a  paramount  role  in  the  orientation  of  forms 
with  one  eye  removed. 

2.  Character  of  turning  in  anlmiacls  dnrlng  orientation  in 
different  intensities  of  illumination.     In  the  de- 
scription of  the  orientation  of  normal  animals  to  a  hor- 
izontal beam  of  light,  it  was  noted  that  animals  usually 
turn  directly  away  from  the  light  without  any  prelimina- 
ry trial  movements.   This  is  certainly  true  in  the  ma- 
jority of  oases.   A  study  of  orientation  in  different 
intensities  of  Illumination,  however,  reveals,  among 
other  things ,  that  a  given  specimen  may  even  turn  first 
toward  the  light  and  then  away  from  it. 

If  the  lateral  Illumination  is  of  a  very  low 
Intensity  the  animal  orients  by  describing  a  rather 
broad  arc  of  a  circle,  there  being  barely  any  percepti- 
ble bending  of  the  body.   If  the  Intensity  is  somewhat 
higher  the  animal  does  not  describe  this  arc  but  turns 
its  head  directly  away  from  the  source  of  stimulation, 
making  a  rather  sharp  angle  in  the  contour  of  ftts  body 


;'■■-•  •-    H-.il 

.  5  ■■.-•0'=-P.T    S-'-r      ■•  ■- 

-i-f   ;    :.'       ■         '--    JijCTTon  to  r 

...        .  r  :aoi'i    ,    .- 

:   ■■•:«T       lo    ?i   !'..  »  :?  ^l 

••'.■;;?  et    •   '»'^  tot  Jura ^ii    id    'Tjaito   laaiJit^    ^  :* 


•r,r:.-  '  r/>*j    -^f 


30. 
just  posterior  to  the  oephalio  lobes.   As  the  llcht  In- 
tensity la  inoreasei  the  animal  still  bends  its  head  away, 
but  the  angle,  i.e.,  the  point  of  bending, beoomes  situa- 
ted more  and  more  posteriorly  until  it  reaches  the  region 
of  the  pharynx.   When  the  animal  bends  its  body  in  the 
region  of  the  pharynx,  as  it  does  only  under  the  influ- 
ence of  a  very  intense  light  souroe,  a  peculiar  reaction 
talces  place.   The  specimen  raises  the  anterior  half  of 
the  body  and  violently  turns  it,  first  toward  the  light, 
then  in  the  opposite  direction  until  it  faces  directly 
from  the  light,  after  which  the  head  is  lowered  and  the 
animal  proceeds  as  usual.   The  reaction  of  turning  the 
head  first  towaird  the  light  and  then  away  under  the  in- 
fluence of  strong  stimulation  will  be  taken  up  later. 

In  studying  the  relation  between  the  character 
of  turning  during  orientation  and  the  Intensity  of  the 
light  no  attempt  was  made  accurately  to  measure  the  il- 
lumination because  of  the  great  individual  yariation 
and  the  great  yariation  in  the  same  specimen  at  differ- 
ent times.   Then,  too,  in  working  contiouously  with  a 
given  animal,  it  becomes  more  and  more  Indifferent  to 
stimulation  by  light.   The  following  detailed  descrip- 
tion will  illustrate  the  character  of  the  results  obtain- 
ed in  all  of  the  numerous  observations  made. 
On  September  7,  1916,  a  specimen  tested  two  hours  after 
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oolleoting,  desori*bed  a  rather  broad  arc  of  a  circle  In 
orienting  in  an  illumination  of  52  meter  candles  (fig. 
6,  a),   %hen  the  illumination  was  increased  to  75  me- 
ter candles  the  animal  bent  its  body  in  the  reg-ion  just 
posterior  to  the  cephalic  lobes,  thus  turning  the  ante- 
rior end  sharply  away  from  the  light.   When  it  was  in- 
creased to  208  m,  0.  the  point  of  bending  occurred  some- 
what farther  back  I  fig.  6,  Bj.   v.hen  it  was  increased 
to  3328  m,  c.  the  bending  occurred  in  the  region  of  the 
pharynx  but  first  toward  and  then  away  from  the  light 
and  the  reactions  were  very  violent,  (fig.  6,  C), 

These  observations  on  the  character  of  turning 
in  speolmens  under  the  influence  4f  different  intensi- 
ties of  light  are  interesting  when  considered  in  relation 
to  the  nature  of  the  nerve  impulse  from  the  eye  to  the 
musculature  which  causes  the  bending.   V.hen  a  planarla 
bends  its  body  in  a  lateral  direction  it  can  be  conceiv- 
ed to  take  place  either  by  a  lengthening  of  the  side  to- 
ward the  light  or  by  a  contraction  of  the  side  opposite 
the  light,  or  possibly  both.   If  the  animal  bends  by 
lengthening  one  side  this  is  probably  due  to  a  contrac- 
tion of  the  dorso-ventral  muscles  of  that  side.   This 
contraction  would  tend  to  flatten  tae  body  in  a  given 
region  and  hence  elongate  its  contour.   On  the  other 
hand  a  contraction  of  one  side  would  most  likely  be  due 
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Figure  6. 
i»iasrram  representing  orientation  of  plsnarians  In  dif- 
ferent illTimi nations.   Arrows  indicate  the  direction 
of  light.   A,  path  of  specimen  in  52  meter  candles; 
B,  path  of  specimen  in  208  m.  c.   1,2,  successive  po- 
sitions of  specimen;   C,  path  in  3326  m.  c;  1,2 ',3', 
successive  positions  of  specimen. 


hr.^:  .— •ill  ■-..  -J   ■!.•    :•■ 

:  *>  t  --  T    ■ ;  0    r  J     Q  9  .•"; :  •?  ?  o ; 


33. 

to  a  oontraction  of  the  longitudinal  rausoles  of  that 
side,   Pearl  ( '03)  is  of  the  opinion  that  in  planar la 
while  turning  away  from  meohanlcal  stimulation,  this 
turning  is  due  to  a  oontraction  of  the  dorso-rentral 
muBoles  and  in  oonaequenoe  to  an  elongation  of  the  side 
away  from  the  bending.   In  numerous  experiments  along 
this  line  the  author  has  been  unable  to  satisfy  himself 
as  to  whioh  Is  true  in  orientation  to  light.   The  nerre 
fibres  leading  from  the  eye  of  a  planarlan  must  be  oon- 
neoted  Indirectly  with  a  rather  oomplex  system  of  mus- 
oles  along  either  or  both  sides  of  the  animal.   in  an 
animal  under  comparatiyely  week  stimulation  the  nerve 
Impulse  most  likely  is  transmitted  to  a  rather  local- 
ized region  of  the  musculature,  rlz.,  in  a  region  near 
the  cephalic  lobes,   Ihe  fact  that  the  point  of  bend- 
ing gradually  mores  posteriorly  as  the  stimulation  in- 
creases, strongly  suggests  that  in  such  oases  there  is 
a  greater  and  greater  spread  of  the  nerve  Impulse  along 
the  musculature  of  a  given  side  as  each  successive  In- 
crease In  the  stimulation  takes  place.   If  this  were 
true  it  would  not,  however.  Indicate  that  the  "all  or 
none"  theory  of  nerve  Impulse  did  not  hold. 

The  reaction  consisting  of  bending  the  ante- 
rior end  first  toward  and  then  away  from  the  light  Is 
very  similar  to  that  described  by  Pearl  ('03, p. 580)  as 
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a  result  of  continued  strong  meohanloal  stimulation. 
He  finds  that  after  repeated  lateral  meohanical  stimu- 
lations to  whioh  the  animal  i»  negative  a 

"final  strong  stimulation  in  the  majority  of 
oases  oauses  the  animal  to  taen  the  anterior 
end  toward  the  side  from  which  the  stimula- 
tion is  coming,  or  in  other  words,  in  an  ex- 
actly opposite  direction  to  that  of  the  pre- 
▼iouB  reactions.    This  reaction  appears  as 
if,  after  the  animal  has  tried  in  vain  to  get 
away  from  an  uncomfortable  stimulus  hy  its 
ordinary  reaction,  it  finally  tries  a  wild 
Jump  in  the  opposite  direction." 
Pearl  believes  that,  "It  indicates  the  effect  of  the  or- 
ganism as  a  whole  on  its  reflexes".    Boring  ('12;  has 
observed  similar  reactions  in  i^lanaria  torva  after  con- 
tinued directive  illumination.   He  (p. 241)  believes  thdtt 
"It  is  quite  conceivable  that  the  abrupt  re- 
versal of  directions  for  brief  periods,  the 
•wild  Jumps',  are  forms  of  e  compensatory 
movement,  which  acts  as  a  relief,  not  for  the 
continued  stimulation,  but  for  the  continued 
movement  away  from  the  stimulus.   It  is  quite 
possible  that  these  muscles  (i.e.,  the  ones 
which  steer  the  animal  to  one  side),  after  the 
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oontlnned  oontraotlon  Involved  in  prolonged 
movement  to  one  side,  become  oramped,  and 
there  follows  what  is  prohatly  a  natural  phys- 
ical coordination,  when  the  muscles  on  the  oth- 
er side  contract  suddenly  and  strongly,  stretch- 
ing the  fatigued  muscles". 

It  has  "been  suggested  that  the  fact  that  as  the 
Intensity  of  illumination  is  increased  the  point  at  which 
the  animal  bends  its  body  is  situated  more  and  more  pos- 
teriorly can  be  explained  on  the  assumption  that  as  the 
intensity  is  increased  there  is  more  and  more  spread  of 
the  nerve  impulse.   it  Is  very  possible  that  the  reac- 
tion of  bending  the  body  first  toward  and  then  away  from 
the  light  can  be  explained  on  the  same  assumption.   xhus 
the  animal  may  exhibit  this  reaction  only  after  the 
nerve  impulse  has  spread  to  such  an  extent  as  to  involve 
the  musculature  of  both  sides. 

Both  the  investigators  quoted  above  observed 
the  bending  of  the  animal  first  toward  and  then  away  from 
the  stimulated  side  only  after  long  continued  stimula- 
tion.  While  this  reaction  certainly  does  follow  long 
continued  stimulation,  i  am  not  certain,  Judging  from 
the  results  of  numerous  observations,  that  it  is  necessa- 
rily preceded  by  continued  stimulation.   ihere  is  s<»ne 
evidence  which  leads  me  to  believe  that  occasionally  if 
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en  animal  le  very  strongly  Illuminated  this  reaotlon 
will  follow  immediately.   Such  reactions  unaueetion- 
ebly  ooour  in  earthwcnnB  and  fly  larvae  immediately  af- 
ter stimulation  is  increased.   It  is  hoped  that  this 
matter  can  he  tai:en  up  later  in  more  detail.   It  cer- 
tainly would  raise  some  interesting  questions  if  short 
strong  stimulation  produced  the  same  effect  as  long 
continued  weak  stimulation. 
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FUNCTION  OF  THE  EYES. 

A.  Reaotlona  to  light  In  epeolaeaa  with  both  eyes  re- 
moved.  The  majority  of  investigators  who  have  worked 
on  the  question  of  the  function  of  the  eyes  in  plana- 
rians  have  reached  the  oonolusion  that  these  organs 
play  very  little  part  in  the  charaoter  of  the  responses 
to  ll^t.   Thus,  as  previously  stated,  Loeh  ('94), 
Hesse  {  '^7)  and  rarker  and  liumett  (  'OC;  maintain  that 
decapitated  planarians  react  essentially  the  same  as  nor- 
mal speoimeas  hut  that  all  reactions  require  considera- 
bly more  time.   In  experiments  on  decapitated  and  nor- 
mal rlanaria  torva,  rarker  and  isurnett  conclude  (p.  385l , 
"Planarians  without  eyes  react  to  the  directive 
influence  of  light  in  much  th«  same  way  as 
those  with  eyes,  in  that  they  have  a  tendency 
to  turn  away  from  the  course  when  directed  to- 
ward the  souroe  of  light  and  to  keep  in  it  when 
directed  away  from  the  souroe, though  with  less 
precision  and  often  to  less  extent  than  Plana- 
rians with  eyes. 

"Planarians  with  eyes  move  more  rapidly 
ll.lt  mm.  to  1.04  mm.  per  sec. J  than  those 
without  eyes  (0.89  to  0.82  mm.  per  sec./  and 
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those  movlnp  away  from  the  llpht  (1.12  nun.  and 
0.89  mm.  per  eeo.i  than  those  moving  toward 
It  11.04  mm.  and  0.82  mm.  per  seo.)" 
Opposed  to  these  results  we  find  that  Llllie 
t'Ol)  maintlans  that  posterior  headless  pleoes  of  i>endro- 
ooelum  laotetUB  do  not  exhibit  the  usual  responses  to 
light.   Also,  luast  (  'lOJ  maintains  that  an  undetermined 
marine  turbellarlan  with  the  eyes  removed,  falls  to  ori- 
ent to  a  horizontal  'beam  of  li^t  while  normal  specimens 
orient  fairly  precisely. 

The  present  experiments  on  the  reactions  of 
specimens  with  both  eyes  removed  were  designed  to  answer 
two  questions.   1.  Joes  removal  of  the  eyes  affect  the 
character  of  the  responses  to  light V   2.  iyoes  removal 
of  the  eyes  affect  the  rate  of  locomotion? 

Iha  animals  used  in  these  experiments  were 
euaesthetized  and  their  eyes  cut  out  in  the  manner  describ- 
ed in  the  section  on  methods.   After  each  animal  was  op- 
erated on,  it  was  allowed  approximately  twenty-four  hours 
to  recuperate.   If,  after  this  time,  the  animal  showed 
any  distortion  about  the  head  it  was  discarded.   ihen, 
as  a  further  check  each  animal  was,  after  the  experiment, 
fixed,  sectioned,  and  stained.   These  sections  were 
carefully  examined  and  the  records  of  any  animal  were 
discarded  if  It  showed  any  trace  of  the  eye  or  if  there 
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was  any  deep  out  into  the  "'brain". 

By  nslnr  snch  technique  It  Is  surprising  how 
neatly  a  small  organ  like  the  eye  can  be  removed.   In 
succesfful  operations  the  only  noticeable  difference 
from  normal  specimens  besides  the  absence  of  the  eyes 
is  a  slight  dislocation  of  the  pigment  of  the  body  sur- 
face in  this  region.   In  some  oases  even  tills  cannot 
be  detected.   Ihe  sections.  In  the  majority  of  cases, 
revealed  the  fact  that  the  "brain'  had  not  been  cut  at 
ell  in  the  removal  of  the  eyes.   Throughout  this  seriee 
of  experiments  it  was  found  essential  never  to  use  spec- 
imens whioh  showed  any  distortion  of  the  head,   Jiuch 
distortions  are  often  followed  by  abnormal  motor  aotiv- 
ities. 

1,  Character  of  reactions  to  light.  Specimens  with 
both  eyes  removed  move  about  essentially  like  normal 
specimens.   They  eihlblt  the  twisting  reflex  (p.28) 
and  occasional  wigwagging  movements  (pp. 22-24 >  just 
as  do  normal  specimens.   when  observed  in  non-direct- 
ive light,  no  difference  can  be  observed  between  them 
and  normal  specimens  in  either  the  rate  or  nature  of  lo- 
comotion.   This  is  in  marked  contrast  to  decapitated 
worms , 

Although  no  difference  can  be  detected  1)^- 
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tween  the  reactions  of  normal  speolmens  and  epeclmens 
with  both  eyes  removed  when  In  non-dlreotlve  light,  thlB 
Is  not  the  caee  when  observed  In  directive  llrht.   Spec- 
imens with  both  eyes  removed  do  not  orient  to  a  horizon- 
tal beam  of  light  as  do  normal  specimens.   This  is  well 
Illustrated  in  the  following-  detailed  description  of  one 
of  the  twenty  experiments  made ,  the  results  of  which  are 
essentially  the  same.   The  specimen  used  in  this  exper- 
iment was  first  tested  in  a  horizontal  beam  of  light  in 
which  it  was  found  to  orient  very  precisely.   The  ani- 
mal was  then  anesthetized  with  COg  and  both  eyes  removed  . 
Twenty- four  hours  after  the  operation  the  animal  mas 
again  tested  and  its  movements  traced  with  a  camera  luci- 
da.   This  tracing  is  reproduced  in  figure  7.   At  the 
beginning  of  the  experiment  the  animal  was  laterally  il- 
luminated and  it  proceeded  for  a  short  distance  at  right 
angles  to  the  rays  of  light  and  then  turned  directly  to- 
ward the  light.   Movement  in  this  direction  continued 
for  only  a  short  distance  when  It  turned  again  and  pro- 
ceeded in  a  diagonal  path  away  from  the  light.   This 
path  soon  led  out  of  the  beam  of  light  into  the  shadow. 
Twice  as  the  animal  attempted  to  proceed  from  the  shad- 
ow back  Into  the  light  it  hesitated  and  after  a  sort  of 
"avoiding  reaction"  proceeded  back  Into  the  shadow, 
(fig. 7,  1  and  £j.   The  third  time  it  came  to  the  margin 
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Figure  7 . 
Gaznera  luolda  tracing:  of  the  path  in  a  horizontal  beam 
of  light  of  a  specimen  with  both  eyes  removed.  Arrows 
a  and  b  indicate  the  direction  of  the  rays  of  lisrht. 
O-i,  path  of  animal.   »hen  the  animal  reached  the  point 
P  light  a  was  turned  off  and  lis-ht  b  turned  on.   At 
points  1  and  2  the  animal  gave  a  kind  of  "avoiding  re- 
action" .   This  did  not  occur  at  3  and  4. 
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"between  the  lipht  and  the  shadow  It  passed  into  the  light 
without  any  perceptible  reaction.   The  direction  of  the 
light  was  now  changed  through  an  angle  of  90  (fig.7,P). 
The  animal  desci^ibed  a  very  irregular  course  away  from 
the  second  llgiit  source.   \'<hlle  proceeding  away  Irom 
this  source  it  again  moved  from  the  illuminated  region 
into  the  shadow  and  vice  versa  on  two  separate  occasions, 
with  no  apparent  reaction  (fig. 7,  S  and  4.1.       After 
these  observations  were  mad ft ,  the  animal  was  fixed,  sec- 
tioned, and  stained.   A  study  of  these  sections  reveal- 
ed that  the  eyes  had  been  entirely  removed  and  that 
there  was  no  apparent  injury  to  the  "brain"  or  other  or- 
gans. 

If  now  the  reactions  of  this  specimen  in  a  hor- 
izontal beam  of  light  are  compared  with  those  of  normal 
specimens  in  similar  illumination  it  becomes  evident  that 
orientation  is  dependent  upon  the  eyes.   This  conclu- 
sion is, moreover,  strongly  supported  by  the  fact  that 
blind  specimens  a^in  orient  precisely  after  the  eyes  re- 
generate. 

Although  the  eyes  are  clearly  functional  in 
orientation  the  evidence  at  hand  indicates  that  there  is 
in  eyeless  specimens  at  times  some  indication  of  a  slight 
orientation  to  the  rays  of  lip-ht.   The  question  then 
arises  as  to  what  factors  are  involved  in  the  slight  tf»- 
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denoy  toward  orientation  in  theee  epeclmens.   The  an- 
swer to  this,  I  think,  lies  in  the  fact  that  while  the 
posterior  end  of  the  animal  is  sensitive  to  light,  the 
anterior  end  is  more  so. 

In  regard  to  the  anterior  end,  regardless  of 
the  eyes,  being  more  sensitlye  to  light  than  the  poste- 
rior, Walter  ('07, p. 123)  spiys: 

"Again,  when  a  small  beam  of  sunlight 
passing  through  a  pinhole  in  an  opaoue  screen 
was  directed  locally  to  different  parts  of  a 
gliding  Planaria  maculata,  it  was  found  that 
tropic  response  would  occur  in  case  one  side 
of  the  anterior  end  was  illuminated,  and  that 
it  was  not  necessary  for  the  eye  Itself  to  be 
included  in  the  illuminated  area  to  obtain 
such  responses.   However,  when  the  middle  of 
the  body  or  the  posterior  end  was  similarly 
stimulated  the  worm  could  not  be  made  to  tuna*'. 
As  it  iB  very  improbable  that  the  anterior  end 
of  a  planarlan  can  be  illuminated  without  allowing  a  cer- 
tain amount  of  light  to  enter  the  eyes,  Walter's  experi- 
ments were  repeated  using,  however,  epeclmens  the  eyes 
of  which  had  been  carefully  cut  out,  and  a  horizontal 
beam  of  light  instead  of  the  localized  point  as  in  the 
above  experiments.   It  was  found  that  if  a  beam  of 
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llgtt  was  thrown  on  the  anterior  end  of  such  a  worm  it 
turned  away  from  the  source  of  llg-ht  In  the  majority  of 
oases.   It  is  important  to  notice,  however,  that  this 
turning-  was  not  nearly  so  definite  or  precise  as  in  the 
case  of  animals  with  eyes.   A  given  specimen  very  often 
turned  toward  the  light,  swerving  all  the  way  around  and 
thus  proceeded  away  (from  the  source  of  stimulation. 
The  tumins*  of  such  eyeless  specimens  was  much  more  in- 
definite if  the  entire  animal  was  illuminated  instead  of 
the  anterior  end. 

As  the  anterior  end  is  more  sensitive  to  light 
than  the  posterior,  the  animal  would  most  likely  maintain 
a  position  In  regard  to  the  light  source  such  that  the 
posterior  end  would  shade  the  more  sensitive  anterior  end, 
Such  a  position  would  tend  to  keep  the  animal  directed 
away  from  the  light  and  would  explain  the  slight  tenden- 
cy to  orientation  observed  in  such  specimens.   It  must 
not  be  supposed,  however,  that  all  of  the  reactions  of 
Bpecimens  without  eyes  can  be  ascribed  to  this  differ- 
ential sensitivity  of  the  anterior  and  posterior  regions 
because  a  decapitated  worm  still  proceeds,  in  general, 
away  from  the  light.   Although  thle  is  true,  a  decapi- 
tated worm  does  not  show  the  slight  tendency  toward  ori- 
entation such  as  is  found  in  animals  with  both  eyes  re- 
moved • 
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g»  Rate  of  looomotlon.  Ae  pointed  out  above,  no  differ- 
ence In  the  rate  of  looomotlon  oan  be  observed  In  nor- 
mal epeoimenB  and  those  which  have  had  both  eyes  removed. 
In  order  to  test  this  aoourately,  however,  the  following 
experiments  were  devised,  using  both  directive  and  non- 
dlreotlve  lllumlnetlon.   ilie  non-dlreetlve  Illumination 
was  furnished  by  placing  a  126  watt  gas-filled  lamp 
30  cm.  above  a  circular  aquarium  In  which  the  animals 
were  moving.   The  directive  light  was  furnished  by  the 
same  apparatus  as  used  to  test  the  reactions  of  speci- 
mens in  a  horizontal  beain  of  light.   In  both  cases  the 
rate  of  locomotion  was  determined  by  means  of  a  panto- 
grap;t!h  as  has  been  described  in  the  section  on  methods. 

Ten  normal  specimens  were  placed  in  a  dark 
room  for  twenty-four  hours  and  then  their  rate  of  loco- 
motion both  in  directive  and  non-directive  illumination 
was  ascertained.   Throughout  the  experiment  the  animals 
were  kept  in  the  dark  when  not  being  observed,  so  as  to 
keep  the  preliminary  light  environment  ae  nearly  con- 
stant as  possible.   After  the  rate  of  locomotion  for 
the  ten  normal  specimens  had  been  ascertained,  both  eyes 
were  removed  from  each  specimen  and,  after  twenty- four 
hours,  their  rates  of  locomotion  were  again  measured. 
In  the  case  of  non-directive  illumination  the  rate  of 
locomotion  was  also  obtained  two  hours  after  the  removal 
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of  the  eyes.   Then,  In  order  to  see  If  the  removal  of 
the  anterior  end  had  the  same  effeot  as  removing  only 
the  eyes,  the  scune  Bpeoimene  were  decapitated  and  after 
twenty-four  hours  their  rates  of  locomotion  were  ag-ain 
ascertained. 

The  results  of  these  experiments  are  tabulated 
in  table  1.   This  table  shows  that  in  directive  illumi- 
nation, the  average  rate  of  locomotion  for  the  ten  nor- 
mal  specimens  was  l.ld  mm.  per  second;  tha'6  the  rate  in 
the  same  specimens  in  the  same  illumination  was  1.10  mm, 
per  second;  and  that  after  the  removal  of  the  anterior 
end,  the  rate  was  only  0,62  mm.  per  second.    The  table 
also  shows  that  essentially  the  same  results  were  ob- 
tained in  the  case  of  non-directive  illumination.    It 
shows,  moreover,  that  in  specimens  tested  two  hours  af- 
ter the  removal  of  the  eyes  the  rate  of  locomotion  ac- 
tually increased.   ihis  is, no  doubt,  due  to  the  mechan- 
ical stimulation  of  removing  the  eyes  which  has  not  yet 
had  time  to  wear  off,  for  in  normal  specimens  shortly  aff- 
ter  small  incisions  are  made  in  the  dorsal  surface  the 
rate  of  locomotion  is  similarly  increased. 

'iliese  results  show  that  the  rate  of  locomotion 
is  not  appreciably  affected  by  the  removal  of  the  eyes, 
whereas  it  is  greatly  affected  by  the  removal  of  the  an- 
terior end,  and  they  indicate  very  clearly  that  the  pho- 
toreceptors which  receive  the  orienting  stimulus  are 
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Table  1. 


The  effeot  on  the  rate  of  looomotion  of  remov- 
ing only  the  eyes  as  compared  with  the  effeot  of  remov- 
ing the  entire  anterior  end. 


Average  rate  of  looomo- 
tion in  mm. per  seoond    | 

number  of 
trials 

Direotive 

light 

iion-direotive 

light 

Ten  normal  speoimene 

1.18 

1.11 

40 

The  sane  with  both 
eyes  removed: 
(1)  Two  hours  after 
removal  of  eyes 

(8)  Twenty- four 
hours  after  remov- 
al of  eyes 

1.10 

1.26 
1.08 

39 
56 

The  same  with  ante- 
rior end  removed 

Twenty- four 
hours  after  opera- 
tion 

0.62 

0,71 

45 
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not  the  ones  which  control  the  rate  of  locomotion.   It 
has  been  shown  by  Walter  ('07,  p. 57)  that  in  general, 
planarians  move  iaster  in  hipher  intensities  than  in 
lower.   The  photoreceptors  involved  In  this  increase 
of  the  rate  of  locomotion  under  inoreBsed  intensity  of 
illumination  as  well  as  in  the  experiments  Jnst  describ- 
ed are  other  than  the  eyes  --  very  probably  the  general 
body  surface, 

8«  Dlsonssion  of  erperiments  in  relation  to  former  in- 
vestip-etions.   The  results  of  the  preceding-  experiments 
are  in  accord  with  those  of  Lillle  ('Olj  and  Mast  ClO) 
In  reerard  to  the  character  of  the  response  to  lia-ht,  but 
are  at  varience  with  the  results  of  Loeb  {'94J,  Hesse 
('97 J  and  Parker  and  Burnett  COO)  both  in  regard  to  the 
nature  of  the  responses,  and  the  rate  of  locomotion. 
The  question  immediately  arises  as  to  what  causes  the 
disparity  between  these  results  and  those  of  the  latter 
investigators. 

In  regard  to  the  nature  of  the  response  in 
specimens  with  both  eyes  removed,  the  answer  to  this 
question  probably  can  be  found  in  the  fact  that  the  spe- 
cies used  by  the  former  investigators  did  not  normally 
orient  with  any  great  degree  of  precision  to  the  direct- 
ive influence  of  light.   There  is  no  doubt  that  a  great 
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num'ber  of  planarlane  do  not  orient  to  light,  and, of 
oourso/One  would  not  expect  to  find  any  great  change 
brought  ahout  by  the  removal  of  the  eyes,  if  the  eyes 
did  not  function  in  the  normal  animal. 

In  regard  to  the  rate  of  locomotion  in  spec- 
imens with  both  eyes  removed,  the  disparity  between  the 
results  of  this  paper  and  those  of  the  former  Investiga- 
tors undoubtedly  lies  in  the  faot  that  they  drew  conclu- 
sions regarding  the  effect  of  removing  the  eyes  from  the 
behavior  of  decapitated  specimens.   From  the  results 
given  in  this  paper,  it  is  evident  that  such  conclusions 
are  not  valid, because  removal  of  the  anterior  end  Itself, 
regardless  of  the  eyes,  has  a  profound  effect  on  the  rate 
of  locomotion.   If  the  entire  ventral  surface  of  a  pla- 
narlan  is  functional  as  an  organ  of  locomotion,  a  very 
simple  explanation  of  the  decrease  of  the  rate  in  decap- 
itated worms  suggests  itself.   Removal  of  the  anterior 
end  would  remove  a  part  of  the  organ  of  locomotion  and 
hence  would  undoubtedly  decrease  the  rate  of  movement. 
It  is  very  improbable,  however,  that  tMs  can  explain 
such  a  great  decrease.   The  general  efieot  of  the  ope- 
ration and  possibly  the  loss  of  the  "brain"  act  upon  the 
general  physioloe-ioal  tone  of  the  animal, causing  locomo- 
tion, among  other  physiological  activities,  to  be  retard- 
ed. 
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B.  Reaotlone  to  light  In  speolmene  with  one  eye  removed. 
In  regard  to  the  reaotlons  of  planarians  with  one  eye  re- 
moved. Mast  do,  p.l32i  in  a  paper  already  referred  to, 
makes  the  following  statement: 

"Planaria  with  one  eye  removed,  either  by 
gouging  it  out  or  by  cutting  off  one  side  of 
the  anterior  end  obliquely,  turn  continuous- 
ly from  the  wounded  side  for  some  time,  evi- 
dently owing  to  the  stimulation  of  the  wound, 
since  after  this  is  healed  they  tend  to  turn 
in  the  opposite  direction.   After  regenera- 
tion is  nearly  complete  they  orient  practical- 
ly as  accurately  as  normal  specimens," 
Unfortunately,  fpom  the  standpoint  of  the  present  in- 
vestigation no  note  was  made  of  Just  how  far  the  eye  it- 
self was  allowed  to  regenerate  in  such  specimens  before 
accurate  orientation  to  light  was  observed. 

The  present  experiments  were  designed  to  ascer- 
tain how  accurately  specimens  with  one  eye  orient  to  the 
directive  stimulation  of  light  and  to  find  out,  if  possi- 
ble, the  mechanism  of  this  orientation. 

In  these  experiments  exactly  the  same  tech- 
nique was  employed  and  the  same  precautions  were  observ- 
ed as  in  the  experiments  of  the  preceding  sections.   The 
animals  were  anesthetized  with  COp  and  one  eye  removed 
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with  a  fine  knife  as  has  been  desorihed.   After  the  re- 
moval of  an  eye  the  animals  were  fiven  elpht  to  twenty- 
four  hours  to  recover  from  the  operation.   At  this  point 
any  specimen  which  showed  any  distortion  of  the  head  or 
any  loss  of  the  bilateral  symmetry  of  the  contour  of  the 
anterior  end  was  discarded.   It  is  to  be  noted,  that  in 
removing  one  eye  there  is  more  tendency  to  disturb  the 
bilaterally  symmetrical  contour  of  the  anterior  end  than 
in  the  case  where  both  eyes  are  removed.   Any  distur- 
bance of  the  contour  of  the  head  is  often  followed  by  ab- 
normal locomotor  disturbances.   After  each  experiment, 
tne  animals  were  fixed,  sectioned  and  stained  as  in  the 
preceding  section.   Again,  the  records  of  any  animal 
that  showed  an  injury  to  the  "brain" ,  or  incomplete  re- 
moval of  the  eye  was  discarded. 

When  observed  in  non-directive  light,  speci- 
mens with  one  eye  removed  travel  about,  apparently,  in 
every  respect  lilce  normal  individuals.   In  neither  di- 
rective nor  non-directive  light  is  there  any  evidence  of 
sluggishness,  circus  movements,  or  other  abnormal  motor 
activities.    The  absence  of  circus  movements  ia  in 
marked  contrast  to  the  results  of  Mast  ('10,  p.lSSJ, 

In  studying  the  process  of  orientation  in  spec- 
imens with  one  eye  removed  the  paths  of  twenty-nine  in- 
dividuals were  traced  by  means  of  a  camera  lucida.   aII 


52 , 
of  these  tracings  are  essentially  like  the  one  repi>o> 
duoed  in  figure  8.   The  right  eye  of  this  animal  had 
been  remoyed  twenty-two  hours  before  these  observations 
were  made.    Just  prior  to  the  removal  of  the  right  eye 
the  specimen  oriented  accurately  when  Illuminated  later- 
ally on  either  side.   The  tracing  shows  that  immediate- 
ly after  the  direction  of  the  rays  of  light  was  changed 
so  as  to  illuminate  the  normal  side,  the  animal  orient- 
ed by  turning  directly  away  from  the  light  (fig. 8. 2 ,4,6, 
and  Si.   When  the  "blind"  side  was  illuminated,  however, 
orientation  did  not  follow  immediately,   in  two  oases 
when  the  "blind"  side  was  Illuminated  (fig. 8.  1  and  3 J 
the  animal  proceeded  for  a  certain  distance  at  right  an- 
gles to  the  rays  of  light  until  a  wandering  reflex  caus- 
ed the  animal  to  turn  far  enough  toward  the  light  to  al- 
low the  rays  of  light  to  enter  the  remaining  eye.   When 
this  occurred  the  animal  oriented  accurately  by  describ- 
ing a  small  circular  pathaway  from  the  light.   in  anoth- 
er case  when  the  "blind"  side  was  illiuninated  the  animal, 
in  consequence  of  a  wandering  reflex,  turned  toward  the 
light, but  in  this  case,  instead  of  describing  a  circular 
path  away  from  the  light,  the  animal  oriented  by  turning 
toward  the  side  containing  the  eye  (fig. 8,  9  J.   The  rate 
of  movement  seems  to  be  the  factor  which  determines 
which  of  these  two  reactions  follows  when  such  specimens 
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i'lgure  8. 
Camera  luclda  drawing  of  path  of  specimen,  In  a  hori- 
zontal beam  of  lic-ht',  with  the  right  eye  removed. 
Arrows  1-9  Indicate  snocessive  directions  of  the  rays 
of  light.   C-E,  path  of  specimen;  n,  direct  orienta- 
tion following  Illumination  of  left,  i.e.,  normal  side; 
T,  orientation  hy  means  of  the  twisting  reflex  follow- 
ing illtimination  of  right,  i.e.,  "blind'  side;  w,  ori- 
entation by  means  of  wandering  reflex  following  illumi- 
nation of  "blind"  side;  w',  orientation  by  means  of 
wandering  reflex  modified  by  a  greater  rapidity  in  the 
movement  of  the  animal. 
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orient  by  means  of  the  wandering  reflex.   ihls  will  be 
taken  up  later  in  greater  detail.   In  the  two  remaining 
oases  in  which  the  animal  was  illuminated  on  the  ""blind" 
side  the  animal  proceeded  at  right  angles  to  the  rays  of 
light  until  it  gave  the  twisting  reflex.   inuring  this 
reaction  the  normal  side  was  twisted  toward  the  light  in 
such  a  manner  that  light  was  again  allowed  to  enter  the 
eye.   In  consequence  of  this,  the  animal  accurately  ori- 
ented by  turning  directly  away  from  the  light. 

Let  us  now  consider  in  greater  detail  the  process 
of  orientation  in  irlanaria  with  one  «ye  removed  when  illu- 
minated on  the  "blind"  side.    The  mechanism  of  orienta- 
tion in  such  specimens  can  best  be  explained  by  means  of 
diagrams  (fig,9j,   Eeference  to  these  diagrams  show  the 
following:   if ,a8  the  animal  is  proceeding  at  right  an- 
gles to  the  direction  of  the  rays  of  light  tfig.9,  n,l], 
it  gives  a  wandering  reflex  toward  the  "blind"  side 
(flg»9,A,s;  to  such  an  extent  that  the  rays  of  light  enter 
the  posterior  region  of  the  pigment  cup,  the  animal  turns 
sharply  (fig. 9, A, 3  and  4)  toward  the  normal  side  instead 
of  away  from  it  as  it  ordinarily  doea.   In  rapidly  mov- 
ing specimens  this  reaction  is  often  modlfiei.   If  the 
animal  is  moving  rapidly,  it  is  often  carried  around  so 
far  that  the  light  strikes  the  rhabdomes  of  the  center 
or  fundus  of  the  pigment  cup  apparently  before  it  has  had 
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iigTire  9  (A  and  BJ  • 
Diagrams  illuBtrating  process  of  orientation  in  epeo- 
imene  with  left  eye  removed,  when  illmninated  laterally 
from  the  right,  i.e.,  the  "blind"  side.  The  arrows  in- 
dicate the  direction  of  the  rays  of  light.   A,  orien- 
tation by  means  of  "wandering  reflex";  l-4,suooea8iTe 
positions  of  animal;  a,   orientation  by  means  of  "wan- 
dering reflex"  when  animal  is  moving  very  rapidly;  1-5, 
successive  positions  of  animal;  a,  usual  course  when 
rate  of  motion  is  lower. 
I  See  fig.  9,  G  and  i)). 
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li^re  9  (0  and  D). 

iJor  oomplete  legend  see  figure  9  (A  and  B) , 

0,  orientation  by  means  of  "twisting  reflex";  1-4, suc- 
cessive positions  of  specimen;  D,  diagramatic  cross  seo- 
tion  of  specimen  in  0   through  the  plane  a-b;  ii,  position 
of  rhabdomes  which  are  illTiminated  in  such  reactions.. 
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time  to  reaot  to  the  Illumination  of  the  rhebdomes  of 
the  poetetior  edge  of  the  otip.   If  this  happens  the  an- 
imal turns  away  from  the  etlmulated  side  instead  of  to- 
yard  it  as  in  the  former  case.   In  other  words  it  con- 
tinues to  turn  toward  the  "blind"  side  until  it  is  ori- 
ented.  This  reaction  results  in  a  small  circle  in  the 
path.  lfig.9,B,l-5i ,   A  third  method  of  orienting-  to 
the  rays  of  light  when  the  animal  Is  illuminated  from 
the  "blind"  side  Is  by  means  of  the  twisting  reflex. 
When  an  animal  moving  at  right  angles  to  the  direction 
of  the  rays  of  light  gives  the  twisting  reflex  it  very 
often  bends  the  Side  containing  the  remaining  eye  so  far 
toward  the  light  that  the  rhabdomes  lying  along  the  ven- 
tral surface  of  the  pigment  cup  are  stimulated  (fig. 9, 
C,  1  and  E,  and  D).   If  this  takes  place,  the  animal 
sharply  orients  by  turning  toward  the  stimulated  or  nor- 
mal side  (fig.  9,C,  3  and  4j. 

The  results  presented  above  show  that  speci- 
mens with  one  eye  orient  normally  when  the  side  contain- 
ing the  eye  Is  illuminated,  but  that  when  the  "blind" 
side  is  Illuminated  there  is  no  true  orientation  unless 
the  animal  moves  in  such  a  manner  as  to  allow  the  rays 
of  light  to  Illuminate  some  of  the  rhabdomes  of  the  eye 
on  tne  normal  side. 

The  most  Interesting  feature  in  regard  to  the 
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proceBB  of  orientation  in  such  speolmenB  is  that  when 
they  ere  illtuninated  on  the  "blind"  side  they  very  often 
turn  toward  the  Bide  containing  the  eye.   Since  turn- 
ing- is  due  to  stimulation  of  the  eye,  such  specimens  turn 
toward  the  eye  which  is  stimulated  instead  of  from  it  as 
ordinarily  occurs  in  normal  orientation.   This  seems 
to  indicate  that  the  direction  of  turning  depends  upon 
the  localization  of  the  stimulus  within  the  eye.   From 
a  structural  standpoint  it  indicates  that  the  rhahdomes 
of  each  eye  are  arranged  in  two  (or  more)  definitely 
localized  sensory  regions,  —  the  stimulation  of  one  re- 
gion resulting  in  the  animal  turning  away  from  the  side 
containing  the  eye,  and  the  stimulation  of  the  other  re- 
sulting in  a  turning  in  the  opposite  direction.   If 
there  are  such  regions  in  the  eye  can  these  regions  he 
accurately  outlined?   These  ouestlons  7/111  be  taken  up 
in  the  next  section. 

Ab  has  been  pointed  out  above  (p.50)  Mast  ('IC, 
p.lSE)  found  that  Planarla  with  one  eye  removed  by  goug- 
ing it  out  or  by  cutting  off  the  anterior  end  obliquely, 
move  continuously  from  the  wounded  side.   Later  during 
the  process  of  regeneration,  they  have  a  tendency,  when 
stimulated  by  light,  to  move  toward  the  side  containing 
the  newly  regenerated  tissue.   As  Mast  suggests,  the 
first  tendency  to  move  away  from  the  wounded  side  is  prob- 
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ably  due  to  the  etimulation  of  the  wound.   The  abBenoe 
of  any  movemente  of  this  nature  in  speclmenB  used  In  the 
present  work,  is  most  likely  due  to  the  fact  that  no  great 
amount  of  damage  was  done  to  the  surrounding  tissues  in 
removing  the  eye.   Later  during  the  process  of  regener- 
ation the  tendency  of  the  animals  in  Mast's  experimente 
to  move  away  from  the  side  containing  the  newly  regen- 
erated tissue  showed,  according  to  him,  that  this  newly 
formed  tissue  was  more  sensitive  to  light  than  the  old. 
The  absence  of  this  tendency  in  the  present  experiments 
may  again  be  due  to  the  small  amount  of  injury  to  the  an- 
mal  during  the  removal  of  the  eye,  and  consequently  the 
lack  of  any  large  amoimt  of  regenerating  tissue. 

C.  Localized  sensory  regions  in  the  eye.   The  experiments 
of  the  preceding  section  demonstrate  that  two  opposite 
reactions  may  follow  from  the  illumination  of  different 
regions  of  the  same  eye.   The  experiments  in  this  sec- 
tion were  designed  to  outline  as  accurately  as  possible 
the  sensory  regions  of  the  eye. 


1.  Extent  of  looaHged  apnanry  rep^ions.  It  will  be  r« 
bered  that  the  eye  of  i'lanerie  maculeta  consists  of  a  num- 
ber of  sensory  rhabdomes  enclosed  by  an  opaque  pigment 
cup.   Because  of  this  opaque  pigment  cup  the  entire  eye 
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may  "be  illuminated  end  yet  only  a  portion  of  the  rhab- 
domes  will  receive  this  illumination.   The  area  con- 
taining the  illuminated  rhabdomee  in  any  oase,  can  be 
fairly  precisely  ascertained  provided  the  structure  of 
the  eye  is  known  and  parallel  rays  of  light  are  used. 

The  apparatus  used  in  these  experiments  was 
constructed  as  follows:  A  Itb   watt  gas-filled  lamp  was 
blackened  encept  for  a  small  circular  area  5  millimeters 
in  diameter.   A  tube  about  5  cm.  in  diameter  and  45c. m, 
in  length  was  attached  to  the  lamp  over  the  circular  area, 
At  equal  intervals  along  the  length  of  the  tube  three 
5-ffiillimeter  diaphragms  were  placed.   The  beam  of  light 
80  produced  consisted  largely  of  parallel  rays  and  was 
large  enough  to  cover  an  entire  eye.   The  tube  with  the 
lamp  attached  could  be  shifted  so  as  to  throw  a  beam  of 
light  in  any  direction  desired. 

In  order  not  to  confuse  the  reactions  result- 
ing from  the  Illumination  of  one  eye  with  those  follow- 
ing from  the  illumination  of  two  eyes  all  animals  uoed 
in  these  experiments  had  one  eye  removed.   The  same 
speclmene  were  used  as  in  the  preceding  section. 

Let  us  consider  first  the  reaction  of  a  speci- 
men with  the  left  eye  removed  when  the  eye  is  illumina- 
ted from  different  angles  in  the  horizontal  plane  of  the 
animal.   If  the  beam  of  light  comes  from  a  point  direct- 
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ly  In  front  of  the  animal  it  turns  the  anterior  end  to 
the  right,  i.e.,  toward  the  normal  or  stiimilatecL  eide 
(fig. 10,  A,b/.   The  eane  reaction  follows  If  the  souroe 
of  light  Is  shifted  slightly  to  the  left  of  the  median 
line  ( fig. 10, A, a) .   As  soon,  however,  ae  the  light  is 
shifted  far  enough  to  the  left  of  the  median  line  as  to 
plaoe  the  pigment  oup  hetween  the  souroe  of  illumination 
and  the  sensory  rhabdomfs,  no  reaction  follows  (fig. 10, 
a-cJ.   when  the  rays  of  lip-ht  illuminate  the  eye  from 
any  point  to  the  right  of  the  median  line  the  animal 
turns  in  an  opposite  direction,  i.e.,  it  turns  away  from 
the  nonnal  or  stimulated  side.   Here,  Just  as  with  the 
previous  oaee,  as  soon  as  the  souroe  of  illumination  is 
oerried  far  enough  to  place  the  pigment  cup  between  it 
and  the  rhabdomes  no  reaction  follows. 

The  same  type  of  response  is  obtained  when  the 
specimen  is  Illuminated  from  various  points  in  the  trans- 
verse vertical  plane  of  the  eye.   If  the  rays  of  light 
Illuminate  the  animal  from  a  point  directly  al»ove  the  eyf , 
the  specimen  reacts  by  turning  toward  the  normal  or  stim- 
ulated side  (fig.  10,  B,  b).   If  the  source  of  lllumina-. 
tlon  is  shifted  to  the  left  of  the  vertical  line  the  ani- 
mal responds  in  the  same  manner  (flc  10,  a-b>.   if,  how- 
ever, the  rays  of  light  illuminate  the  animal  from  any 
point  to  the  right  of  the  vertical  line  the  specimen  re- 
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Figure  10. 

Diagram  repreeentlnp  the  direotion  of  the  turning  when 
a  specimen  with  left  eye  removed  is  illuminated  from 
different  direct ions.   A,  dorsal  view  of  speoimen  il- 
luminated from  different  points  in  the  frontal  plane; 
B,  speoimen  illuminated  from  different  points  in  thetrans- 
verse,  vertical  plane  of  the  eye.  oeotion  tafeen  along  x-y 
of  A,   If  the  light  enters  the  eye  from  any  point  hetween 
the  arrows  a-h  the  speoimen  turns  toward  the  normal  side. 
If  the  light  enters  the  eye  from  any  point  between  the  ar- 
rows b-o  the  speoimen  turns  away  from  the  normal  side,  i»o 
reaction  follows  if  the  eye  is  illuminated  fran  any  point 
along  the  broken  line  a-c. 
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eponda  by  turning-  away  from  the  normal  or  stimulated 
Bide  I  tig,   10, B,  b-c),   Ab  in  the  previous  case,  when- 
ever the  li?ht  is  so  placed  that  the  piement  cup  shades 
all  of  the  rhabdomes  no  reaction  follows  ( fig,10,B,e-c ) . 

Let  us  now  consider  precisely  which  rhabdomes 
are  illiuninated  under  the  various  conditions  mentioned 
above.   It  will  be  remembered  that  when  Planaria  is 
illuminated  from  directly  in  front,  or  directly  above, 
or  to  the  left  of  these  points,  it  turns  away  from  the 
Bide  containing  tho  eye,  i,©.,  to  the  left.   Sow  when 
lig-ht  enters  the  right  eye  from  a  point  directly  in  front 
of  the  eye,  or  slightly  to  the  left  of  this  point,  the 
only  rhabdomes  which  are  illuminated  are  those  lying  a- 
long  the  outer,  posterior  edge  (fig. 11,  A,  a-bJ.   The 
remaining  rhabdomes  are  shaded  by  the  anterior  edge  of 
the  pigment  cup.   In  the  same  manner  when  light  enters 
the  eye  from  a  point  directly  above  the  eye,  or  slightly 
to  the  left  of  this  point,  the  only  rhabdomes  illumina- 
ted are  those  placed  along  the  outer  ventral  edge  of  the 
pigment  cup  (fig, 11,  B,  a-b).   The  remaining  rhabdomes, 
in  this  case  are  shaded  by  the  dorsal  edge  of  the  pig- 
ment cup.   '«Ve  may  consequently  conclude  that  illumina- 
tion of  the  rhabdomes  lying  along  the  outer  posterior 
edge  and  the  outer  ventral  edge  of  the  eye  cup  is  follow- 
ed by  turning  toward  the  side  bearing  the  eye. 
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Figure   11, 
Diagrams   made    from  cam-^ra   lucida  drawings    repr^s'^nting  the 
rhabdom^s  vjhich  are    illuminat'^d  wh"-!!   light   ^nt^rs    the   eye    from 
various   directions.    A,   eye   seen   in  frontal  section,    B,    eye   seen 
in   transverse   section.    A-P,    longitudinal  axis    of  animal;   D-V, 
dorso-ventral   line;   ac,  accessory  cells   forming  pigment   cup;   p, 
pigment    cup;    r.rhabdomes.    Light   entering  the   eye    from  any  point 
between  a-b   illuminates   only  the    rhabdoraes    in  the   area  which 
is   cross-hatched.    Light   entering  the    eye    from  any  point   between 
c-d    illuminates   only   certain   rhabdoines   ot    the   unshaded    regions. 
Light   from  any  point   between  b-c   may   illuminate    rhabdoraes   of 
both  the   shaded   and   unshaded    regions. 
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Secondly,  let  ua  consider  those  rhabdomee 
which  are  Illuminated  in  the  oaeee  in  which  the  animal 
turns  away  from  the  aide  containing-  the  eye.   In  an  an- 
mal  with  the  left  eye  removed  this  follows  as  a  result 
of  illuminating  the  specimen  laterally  from  any  point 
to  the  ripht  of  the  median  plane  of  the  eye.   Now  when 
lifrht  enters  the  eye  from  any  point  in  the  horleontal 
plane  to  the  right  of  the  median  line  various  rhabdomes 
lying  alone-  the  center  and  anterior  edge  of  the  pigment 
cup  may  he  Illuminated,  (fig.  11,  A,  fci-d).   In  the  same 
manner,  light  which  enters  the  eye  from  some  point  in  the 
transverse  vertical  plane  of  the  eye,  but  to  the  right 
of  the  point  directly  above,  always  illuminates  some  of 
the  rhabdomes  lying  along  the  center  of  the  dorsal  mar- 
gin of  the  pigment  cup.  (fig.  11,  B,  t-d ) .    These  re- 
sults indicate  that  illumination  of  the  rhabdomes  of  the 
oenter  and  anterior  and  vertical  edges  of  the  pigment 
oup  is  followed  by  the  animal  turning  away  from  the  side 
containing  the  eye.   We  cannot,  however,  outline  the  re- 
gion which  causes  the  animal  to  turn  away  from  the  side 
containing  the  eye  as  definitely  as  in  the  preceding 
paragraph  because  in  some  cases  light  entering  the  eye 
may  illuminate  certain  rhabdomes  of  both  regions.    Thus 
by  referring  to  the  diagrams  which  we  have  been  consider- 
ing it  will  be  seen  that  light  entering  the  eye  along  the 
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JJigure  12. 
iJiagram  representing  localized  seneory  refrions  in  the 
right  eye.  A-P,  longitudinal  axis;  L,  position  of  rhah- 
domes  illumination  of  which  results  in  the  specimen  turn- 
ing toward  the  left;  rt.R' ,  position  of  rhahdomee  illumi- 
nation of  which  results  in  the  specimen  turning  toward 
the  right. 
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points  0  and  d,  although  it  causes  the  animal  to  turn 
away  from  the  side  containing  the  eye,  illuminates  cer- 
tain rhabdomes  of  both  regions. 

Ihe  observations  recorded  above  indicate  that 
Illumination  of  the  rhabdomes  lying  along  the  ventral 
end  posterior  edge  of  the  pigment-cup  is  followed  by  the 
animal  turning  toward  the  side  containing  the  eye,  while 
illumination  of  the  remaining  rhabdomes,  i.e.,  those  of 
the  center  and  anterior  edge  is  followed  by  the  animal 
turning  in  the  opposite  direction.   further  evidence 
that  this  conception  of  localized  sensory  regions  in  the 
eye  is  a  correct  one  will  be  taken  up  in  the  next  section, 

2.  Keaotions  to  light  in  specimens  with  one  eye  and  the 
posterior  half  of  the  other  eye  removed.    In  the  pre- 
ceding section  it  was  concluded  that  there  are  two  lo- 
c all  Bed  sensory  regions  in  the  eye.   if  this  is  true  the 
animal  should  lose  the  reaction  which  is  supposed  to  re- 
sult from  the  stimulation  of  either  of  these  regions  if 
it  is  removed.   It  was  found  by  very  careful  manipula- 
tion that  the  posterior  half  of  an  eye  could  be  removed 
leaving  the  anterior  half  uninjured  —  or  at  least,  func- 
tional.  After  such  operations  each  animal  was  allowed 
approximately  twenty- four  hours  to  recover.   After  each 
experiment  the 
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epeoimen  was  fixed  and  sectioned.   In  the  majority  of 
oases  reoonstruotions  were  made  of  the  portion  of  the  eye 
thet  remained  In  the  animal.   As  would  be  expected  from 
the  delioate  nature  of  these  experiments  a  great  number 
of  animals  were  discarded  because  of  some  in;;ury,  either 
to  the  portion  of  the  eye  which  remained  in  the  animal 
or  to  the  surrounding-  tissues.   In  order  to  complete 
eig-ht  Buooessfnl  experiments  approximately  fifty  animals 
were  operated  on. 

It  will  be  remembered  that  an  animal  with  one 
eye  removed  when  Illuminated  directly  In  front  of  it  or 
sllg-htly  from  the  "blind"  side  turns  toward  the  stimula- 
ted side.   It  was  concluded  that  this  reaction  is  due  to 
the  stimulation  of  the  rhabdomes  covering  the  posterior- 
median  section  of  the  eye-cup.   Mow  if  this  conclusion 
is  correct  the  removal  of  the  posterior  region  of  the  eye- 
cup  should  cause  the  animal  to  lose  this  reaction  when 
illuminated  from  directly  in  front. 

It  was  found  that  if  an  animal,  with  the  left 
eye  and  the  posterior  half  of  the  right  eye  removed,  is 
Illuminated  with  a  horizontal  beam  coming  directly  in 
front  several  reactions  may  follow.  The  animal  erener- 
ally  moves  from  one  to  five  millimeters  directly  toward 
the  Ijght  at  a  greatly  retarded  rate,  then  it  begins  to 
wander  either  to  the  right  or  left  (fig,  13,  A).   Ob- 


■Js~^- 


69. 

jj'igure  13. 
Diagram  representing  reactions  of  a  specimen  possessing 
only  the  anterior  half  of  ripht  eye,  to  a  horizontal 
beam  of  light  coming  from  directly  in  front,  itirrows , 
team  of  light;  a,  portion  of  eye  removed;  b,  portion  of 
eye  remaining.  If  specimen  turns  to  the  left  et  A  and 
assumes  position  b  it  orients  by  following  the  path  U, 
If,  however,  it  turns  to  right  it  follows  sm  indefinite 
path  as  for  example  D.   E  represents  the  path  the  spec- 
imen would  have  followed  had  it  possessed  the  entire 
right  eye. 
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servations  Indloate  that  suoh  epeoimens  turn  toward  the 
side  oontalning  the  eye  as  often  as  from  it.    If  the 
animal  turns  toward  the  side  possessing  part  of  an  eye 
(in  this  oase  the  right  eye)  it  eventually  proceeds  in 
an  irregular  course  away  from  the  light  {fig.l3,i)). 
There  is  no  evidence  of  orientation.   if,  however,  the 
animal  turns  toward  the  ""blind"  side  (in  this  case  the 
left  side  i  the  animal  exhibits  no  marked  reaction  until 
the  rays  of  light  illuminate  the  eye  laterally.   Ihen 
this  talces  place  the  specimen  sharply  orients  by  turn- 
ing directly  away  from  the  light  (fig.  13, i>).   It  then 
proceeds  directly  away  from  the  light  until  a  wandering 
reflex  carries  it  out  of  the  path  of  orientation.   This 
is  a  typical  record  selected  from  the  records  of  eight 
such  experiments. 

If  the  reactions  of  such  an  animal  are  compared 
with  those  of  a  specimen  possessing  the  entire  right  eye 
we  see  at  once  that  there  is  a  marked  contrast.   If  the 
latter  is  illuminated  from  directly  in  front,  it  turns 
sharjly  to  the  right,  i.e.,  toward  the  normal  side. 
If,  however,  the  posterior  region  of  the  right  eye  is  re- 
moved the  animal  no  longer  shows  this  reaction  following 
such  illumination.   Instead  such  specimens  proceed  In 
general  for  a  short  distance  directly  towards  the  light 
and  then  turn  either  to  the  ri?ht  or  left.   in  other 


71. 
words,  when  obserrel  under  the  effect  of  illumination 
from  directly  in  front  of  the  animal,  removal  of  the 
posterior  portion  of  the  eye  causes  the  animal  to  lose 
the  reaction  which  ordinarily  follows  the  illumination 
of  this  region.   These  results  lend  very  strong  support 
to  the  conclusions  reached  in  the  section  dealing  with 
the  localization  of  sensory  regions  in  the  eye.   In  fact, 
they  practically  prove  the  conclusions  in  regard  to  one 
region  of  the  eye. 

As  an  argument  against  the  conclusions  set 
forth  above  it  might  he  asked  if  the  removal  of  the  pos- 
terior region  of  the  eye  has  not  injured  the  remainder  of 
the  organ  to  such  an  extent  that  we  are  really  dealing 
with  an  animal  that  has  no  eyes  at  all.   In  answer  to 
this  question  it  can  he  said,  (l)  the  sections  of  such 
animals  reveal  no  indication  of  any  injury  to  the  reaain- 
ingrhahdomes,  and  (EJ,  the  remainder  of  the  rhahdomes  are 
still  functional.   By  referring  to  the  description  of 
the  reactions  of  such  animals  it  is  very  evident  that  the 
last  statement  is  correct.   It  will  be  remembered  that 
if  the  animal  wanders  away  from  the  side  containing  the 
it  sharply  and  accurately  orients  as  soon  as  the  light 
illuminates  the  eye  from  a  lateral  position.   ihe  only 
plausible  explanation  of  this  is  that  the  reaction  fol- 
lowed from  an  illumination  of  the  rhabdomes  in  the  center 
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of  the  pisrment  oup,  or  in  other  words,  that  removing  the 
posterior  portion  of  the  eye  did  not  Injure  the  capacity 
of  the  remainder  to  function. 

3.  Reactions  to  light  in  specimens  with  one  eye  and  the 
emterior  half  of  the  other  eye  removei.  The  attempt  was 
made  to  carry  out  experiments  similar  to  those  recorded 
in  the  preceding  section  using,  however,  specimensy^only 
the  posterior  half  of  one  eye  instead  of  the  anterior 
half. 

All  specimens  with  one  eye  and  the  anterior 
half  of  the  remaining  eye  removed  react  in  a  horizontal 
beam  of  light  preoisely  as  do  specimens  with  both  eyes 
removed.   Under  no  circumstances  is  illumination  of  the 
part  of  the  eye  remaining  in  the  animal  followed  "by  ori- 
entation as  was  the  case  in  the  preceding  section.   The 
results  at  first  seemed  rather  puzzline-  but  it  can  be 
seen  by  referring  to  the  section  on  the  structure  of  the 
eye  that  the  nerve  processes  from  all  of  the  rhebdomes 
leave  the  eye  from  the  anterior  edpe  and  histological 
examination  showed  that  all  of  these  were  cut  in  remov- 
ing the  anterior  half.   This  is  not  true  of  those  exper- 
iments in  which  the  posterior  half  was  removed. 

J.  Localization  of  photic  stimulation.  Considerable  evi- 
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denoe  hes  been  noted  demonetratinp  that  the  rhabdomee  of 
the  eye  of  Planaria  macule ta  are  arranged  In  two  local- 
ized sensory  refrlons.   It  Is  obvious  that  there  must  be 
some  localizing  device  whereby  light  from  one  direction 
will  stimulate  one  of  these  regions  and  yet  not  stimu- 
late the  other.   utherwise,  a  general  Illumination  of 
the  eye  would  result  In  the  stimulation  of  all  the  rhab- 
domes,  some  of  which  cause  the  animal  to  turn  in  one  di- 
rection and  others  in  an  opposite  direction, 

1.  mechanism  of  localization  of  photic  stimulation.  In  a 
paper  referred  to  several  times  in  the  preceding  pages, 
nesse  ('97;  disousseB  this  question  and  reaches  the  con- 
clusion that  the  pigment  of  the  turbellarian  eye  acts  as 
a  localizer  of  photie  stimulation.  ihis  he  illustrates 
very  clearly  by  means  of  a  series  of  diagrams  reproduced 
in  figure  14. 

He  maintains  that  although  light  can  enter  the 
pigment  cup  from  different  angles, it  illuminates  differ- 
ent portions  of  the  interior  from  each  angle.   As  he 
points  out,  in  forms  in  which  there  is  only  one  retinula 
this  would  simply  result  in  the  illumination  of  differ- 
ent parts  of  the  same  retinula.   In  forms,  however .whose 
eyes  contain  numerous  retinulae  this  mechanism  would  re- 
sult in  the  illumination  of  different  sets  of  retinulae. 
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Different  illuminations  of  the  planarian  eye  with  lig-ht 
coming  from  different  directions.   The,  optic  cups  Ipig- 
ment-cupsj  are  drawn  too  large  in  proportion  to  the  head. 
The  arrows  indicate  the  direction  of  the  light;  the  por- 
tions of  the  interior  of  the  cup  not  reached  by  the  light 
are  shaded.   (After  hesse   '9  7,  p.  675 >. 
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Many  of  the  results  presented  in  the  preoed- 
Ins"  pag-es  are  In  harmony  with  Hesse's  Interesting  theo~ 
ry,  whloh  contains  the  most  valtiable  suggestion  yet  made 
conoernlng  the  funotion  of  the  pigment  in  flatworm  eyes. 
Some  of  the  results  obtained  In  our  work  are,  however, 
not  in  harmony  with  this  theory. 

The  experiments  whloh  we  have  desoribei  (p. 67) 
dealing  with  the  reactions  to  light  in  forms  with  one  eye 
and  the  posterior  part  of  the  other  removed  bear  direct- 
ly on  the  question  as  to  whether  or  not  the  pigment  acts 
as  a  localized  of  photic  stimulation  as  Hesse  maintains. 
It  will  be  remembered  that  such  forms  when  illuminated 
laterally  on  the  side  containing  the  anterior  part  of  the 
eye,  turn  directly  away  from  the  light  and  proceed  in  a 
more  or  less  direct  path  as  is  the  case  with  normal  spec- 
imens and  specimens  with  one  eye  (fig,  13,  B). 

The  turning  in  all  of  these  cases  follows  the 
illumination  of  the  rhabdomes  lying  in  the  center  of  the 
pigment  cup  I  fig,  16,  A  and  0,  x).   After  specimens 
with  normal  eyes,  either  one  or  two,  are  oriented  the 
rhabdomes,  owing  to  the  shadow  cast  by  the  pigment  cup, 
are  no  longer  illuminated  (fig.  15,  B).   But  in  speo- 
mene  with  the  posterior  portion  of  the  eyes  removed  the 
rhabdomes  are  quite  as  fully  exposed  to  the  light  after 
they  are  oriented  as  when  they  are  laterally  illuminated. 
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i'igrure  15. 
Illumination  of  eye  withlieht  oomlng  from  different 
directions;  In  A  and  B,  aniraal  possessing  entire  rip-ht 
eye;  u  and  JJ,  animal  possessing  anterior  half  of  right 
eye.   Arrows  indicate  the  direction  of  rays  of  light; 
broken  lines  indicate  path  of  specimen;  x,  position  of 
rhahdomes  which  are  lllurainated.   Animal  v   proceeds 
directly  away  from  the  light  although  the  same  rhab- 
doraes  are  "being  Illuminated  as  in  C  when  it  turned 
sharply  to  the  left. 
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(flgr.  16,  U  and  D). 

These  results  indicate  very  plainly  that  stim- 
ulation follows  the  Illumination  of  the  rhabdoraes  of  the 
center  of  the  pigment  oup  only  when  the  light  strikes  the 
rhahdomes  from  a  lateral  direction,  not  when  it  strikes 
them  from  behind  the  animal  as  it  does  in  the  oriented 
epeclmena  with  the  posterior  portion  of  the  eyes  removed. 
This  seems  to  show  that  it  is  not  necessary  for  the  pig- 
ment to  act  as  a  localizer  of  photic  stimulation  as 
maintained  by  Hesse,    The  localizing  mechanism  appears 
to  be  contained,  in  some  manner,  in  the  rhabdomes  them- 
selves* 

The  idea  suggested  itself  to  the  author  that 
the  above  conclusion  might  not  be  valid  because  of  the 
possibility  that  in  removing  the  posterior  half  of  the 
eye  the  pigment  might  be  carried  by  the  knife  and  spread 
over  the  anterior  surface,  and  that  this  might  make  an 
effective  light  screen  Just  as  in  the  case  of  the  normal 
animal.   Histological  examination  of  such  specimens 
showed  this  idea  to  be  erroneous,   A  few  granules  are 
always  displaced  in  making  an  incision  but  these  are  very 
much  scattered  and  obstruct  the  passage  of  light  very 
little,  if  at  all.   Again  the  body  of  the  animal  might 
act  as  a  shading  mechanism.   This,  however,  was  shown 
not  to  be  true  as  the  same  results  can  be  obtained  when 
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the  source  of  illumination  Is  lifted  slig-htly  above  the 
horizontal  plane,  in  whioh  case  the  llg-ht  does  not  pass 
through  any  more  of  the  tissue  of  the  animal's  body  than 
in  normal  lateral  illumination.   ^e  are  consequently 
forced  to  aooept  the  oonolusion  that  lig-ht  entering  the 
eye  from  behind  does  not  stimulate  the  rhabdomee  as  it 
does  when  it  enters  from  the  side,   ihat  is,  that  light 
striking  certain  rhabdomes  from  the  direction  indicated 
by  the  arrow  a  (fig.  16;  is  followed  by  a  definite  turn- 
ing of  the  animal,  whereas,  no  such  tuming  results  when 
light  strikes  the  same  rhabdomes  from  the  direction  in- 
dicated by  the  arrow  b.   Hone  of  the  experimental  work 
has  offered  any  explanation  of  this  phenomenon.   The 
structure  of  the  retinula  and  its  relation  to  the  plg- 
ment-oup,  however,  offer  two  possible  explanations. 

The  middle  region  of  the  retinula,  or  the  re- 
gion whioh  corresponds  to  the  ellipsoid  of  the  verte- 
brates, in  the  living  condition  in  Prorhynchus  applana- 
tus,  according  to  Kepner  and  i'allaferro  ('16),  is  the 
most  refractive  portion  of  the  retinula.   Ihe  same  holds 
true  for  Planaria  maculata  after  fixation.   This  region 
because  of  its  position,  contour,  and  refractive  index 
must  have  some  effect  on  the  rays  of  light  as  they  pass 
down  the  longitudinal  axis  of  the  retinula  to  strike  the 
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Figure  16. 
iiiagram  representing-  the  relation  tietween  structure  and 
photlo  stimulation  in  the  individual  retinula.   A,  one 
of  the  accessory  cellB  which  form  the  pigment-cup;  M, 
middle  region  of  the  retinula;  HA,  nucleus  of  accesso- 
ry cell;  H,  nucleus -bearing  region  of  retinula;  K,  sen- 
sory rhabdome.   iiight  striking  the  rhabdome  parallel  to 
the  axis  a  results  in  stimulation.  Light  from  the  di- 
rection b  or  c  does  not  result  in  stimulation. 
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rhabdome  (fig.  16,  aJ.   It  ooours  to  one  that  possibly 
this  region  serves  as  a  crude  lens  to  concentrate  the 
rays  of  llsrht  upon  the  sensitive  rhabdome  and  that  pho- 
tic stimulation  depends  upon  this,   if  this  is  true  pho- 
tic etifflulation  could  not  be  set  up  in  a  fflven  rhabdome 
unless  the  light  struck  the  rhabdome  approximately  par- 
allel to  its  longitudinal  axis.   iiiot  only  would  the 
li^it  have  to  strike  the  rhabdome  parallel  with  its  lon- 
gitudinal axis  but  it  would  have  to  pass  through  the 
retinula  from  a  proximal  to  a  distal  direction.   Other- 
wise the  light  would  not  be  affected  by  the  middle  re- 
gion. 

If  the  above  suggestion  is  correct  the  pigment 
would  play  no  part  in  the  localisation  of  photic  stimu- 
lation in  the  individual  retinulae.   le  might,  however, 
conceive  that  the  middle  region  has  no  effect  on  photic 
stimulation  but  that  the  rhabdome  is  itself  so  construct- 
ed that  only  light  passing  along  its  longitudinal  axis 
sets  up  stimulation.   If  this  is  true,  light  from  either 
direction  as  long  as  it  is  parallel  to  the  longitudinal 
axis  might  cause  stimulation.   The  pigment  then  might 
serve  to  localise  photic  stimulation  in  that  It  would 
prevent  light  passing  through  the  rhabdome  from  a  distal 
to  a  proximal  direction  and  allow  light  of  the  opposite 
direction  to  strike  the  rhabdome.   In  the  diagram  (fig. 16) 
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light  passing  along  a  or  o  might  cause  stimulation  if 
there  were  no  pigment.   ihe  pigment,  however,  is  so 
plaoed  that  it  would  prevent  light  along  o  from  strik- 
ing the  rhabdome, 

2«  Looalization  of  photlo  stimulation  and  the  struoture 
of  the  eye.  If  we  are  correct  in  the  assumption  that 
light  must  penetrate  a  given  rhahdome  along  its  longitu- 
dinal axis  in  order  to  stimulate  it,  a  study  of  the  strwj- 
ture  of  the  eye  will  reveal  the  faot  that  whenever  light 
enters  the  eye  under  normal  conditions  the  longitudinal 
axes  of  some  of  the  illuminated  rhabdomes  are  parallel 
to  the  stimulating  rays  of  light. 

The  best  way  to  describe  the  relation  of  the 
axis  of  the  light  rays  entering  the  eye  to  the  axes  of 
the  rhabdomes  is  to  consider  the  actual  condition  of 
affairs  when  the  eye  is  illuminated  from  each  of  sever- 
al different  directions.   Light,  which  strikes  the  eye 
from  directly  in  front  of  the  animal,  illuminates  those 
rhabdomes  which  lie  on  the  outer  posterior  margin  of  the 
pigment  oup.   The  longitudinal  axes  of  all  of  these 
rhabdomes  are  directed  parallel  to  the  rays  of  light  In 
such  illumination,  (fig.  17,  A,  a,  8  and  9).   The  same 
holds  true  for  light  entering  the  eye  from  an  oblique 
posterior  direction  (fig.  17,  3,   d,lj,  and  approximately 
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i'igure   17. 

Diagram  representing  the    relation  of  the   axis   of  photic 
stimulation  to   the   axes    of  the   various    rhabdom'-s  when  the 
eye    is    illuminated   from  different   directions,      The   dia- 
grams  are   made    from  camera   lucida  drawings   of  sections. 
A  and   B,    frontal  sections   of  the   eye;   C   and   D,    transverse 
sections   of  the   eye.      Arrows,    a,    b,    c,   d,    indicate   the 
different  beams   of  light;   ac, accessory  cells;   p,    pig- 
ment  cup;    1-9,    rhabdomes. 
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for  lateral  llliunination  (fig.  17,  A,b,  2-6).   ..hen  the 
light  oomes  frOB  ohliquely  In  front  of  the  animal .how- 
ever, the  light  rays  strike  certain  rhabdoraes  parallel 
with  their  longitudinal  axes  (fig.  17,  B,c,  7)  and  oth- 
er rhabdomes  at  various  angles  to  their  longitudinal  ax- 
es Ifig.  17,  B.C.  5,b,8,9J. 

The  same  is  true  for  the  rhabdoraes,  when  the 
light  enters  the  eye  from  different  points  in  the  trans- 
verse vertical  plane.   Light  which  enters  the  eye  from 
directly  above  (fig.  17,  C,a,8j  and  obliquely  below 
(fig.  17,  D,d,  1  and  Z)   strikes  all  of  the  rhabdomes  in 
both  oases  parallel  to  their  longitudinal  exes.   Light 
from  obliquely  above  (fig.  17,  D.o,  4-8)  and  to  a  less 
extent  light  from  the  side  (fig.  17,  G,b,  2-4)  passes 
along  the  longitudinal  axes  of  certain  rhabdomes  and  not 
of  others. 

This  description  can  be  summed  up  by  saying 
that  the  structure  of  the  eye  is  such  that  if  light  from 
any  given  direction  enters  the  eye  it  illuminates  the 
rhabdomes  confined  to  a  definite  area.   in  such  areas 
there  is  always  a  large  propotlon  of  the  rhabdomes  which 
have  their  longitudinal  axes  parallel  with  the  rays  of 
light  and  in  a  number  of  cases  the  longitudinal  axes  of 
all  of  the  rhabdomes  in  the  illuminated  area  are  paral- 
lel with  the  rays  of  light. 
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These  observations  strongly  support  the  as- 
sumption that  if  lipht  strikes  a  rhahdome  parallel  with 
its  longitudinal  axis  stimulation  results,  whereas,  if 
licht  does  not  strike  a  rhabdome  along  this  axis  stim- 
ulation does  not  follow.   This  will  explain  why  it  is 
not  necessary  for  the  pigment  cup  to  act  as  a  localizer 
of  photic  stimulation.   The  latter  is  localized  not  by 
the  pigment  cup,  but  by  the  position  of  the  longitudinal 
axes  of  the  various  rhabdomes. 
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NATUR3  OF  TEE  STIMULUS  DURIBG  ORIEKTATIOH. 

At  the  present  time  there  are  two  chief  theo- 
ries advanced  to  account  for  the  orientation  of  organ- 
isms to  lifht  —  the  continuous-action  theory  and  the 
change-of- Intensity  theory.   The  literature  bearing  on 
these  two  theories  is  so  extensive  that  we  shall  limit 
the  present  review  to  a  very  brief  outline. 

Loeb,  who  is  the  chief  upholder  of  the  contin- 
uous-action theory  maintains  that  an  organism  orients  to 
light  because  of  unequal  chemical  changes  induced  by  the 
light  in  symmetrically  placed  photoreceptors,  that  effects 
of  these  chemical  changes  are  transmitted  eventually  to 
the  locomotor  organs, thus  producing  unequal  "tension  or 
energy  production"  in  the  musculature  of  the  two  sides, 
and  that  this  results  in  a  turning  of  the  organism. 
According  to  him,  after  the  organism  has  become  oriented, 
the  light  produces  equal  chemical  changes  In  the  photore- 
ceptors and  the  organism  proceeds  directly  toward  or 
away  from  the  light  owing  to  continuous  and  equal  action 
of  the  light  on  symmetrically  located  photoreceptors. 

In  reference  to  his  theory  he  says  ( '16, pp. ESS- 
ESS  J  : 

"Ihe  reader  will  perceive  that  according  to  the 
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writer's  theory  two  agenoiee  are  to  be  con- 
Bidered  in  these  reactions:  first,  the  8ym~ 
metrical  arrangement  of  the  photosensitive  and 
and  the  contractile  organs,  and  second,  the  rel- 
ative masses  of  the  photo-chemical  reaction 
products  produced  in  hoth  retinae  or  photosen- 
sitive org-ans  at  the  same  time.   If  a  posi- 
tively heliotroplo  animal  is  struck  by  light 
from  one  side,  the  effect  on  tension  or  energy 
production  of  muscles  connected  with  the  eye 
will  be  such  that  an  automatic  turning  of  the 
head  and  the  whole  enimel  towards  the  source  of 
light  takes  place;  as  soon  as  both  eyes  are  11- 
Ituninated  equally  the  photochemical  reaction  ve- 
locity will  be  the  same  in  both  eyes,  the  sym- 
metrical muscles  of  the  body  will  work  equally, 
and  the  animal  will  continue  to  move  in  this 
direction.   In  the  case  of  the  negatively  he- 
liotropic  animal  the  picture  is  the  same  except 
that  if  only  one  eye  is  illuminated  the  muscles 
connected  with  this  eye  will  work  less  energet- 
ically". 

Loeb  holds,  moreover,  that  the  orienting  stim- 
ulus in  organisms,  both  animal  and  plants,  is  dependent 
upon  the  actual  amount  of  stimulating  energy  received  by 
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the  photoreoeptore  In  accord  with  the  Bunsen  Roscoe  law. 

Opposed  to  the  continuous-action  theory  is  the 
ohange-of-intenslty  theory  supported  chiefly  by  the  works 
of  Jennings  and  Mast.   According  to  this  theory  the  ori- 
enting stimulus  is  not  dependent  upon  the  actual  amount 
of  energy  received  by  the  photoreceptors  but  to  time-rate- 
of-change  of  the  stimulating  energy,   once  an  organism 
is  oriented  to  light  it  is  supposed  to  receive  no  orient- 
ing stimulus  until  it  leaves  the  path  or  axis  of  orien- 
tation. 

The  great  body  of  evidence,  especially  in  the 
unicellular  forms,  tends  to  favor  the  change-of-lntensi- 
ty  theory.   Mast  has  discussed  this  evidence  fully  in 
Light  and  the  Behavior  of  ureranisms  {'11 J  and  in  numer- 
ous recent  papers  (See  kast  '16).   In  certain  seedlings, 
however,  Blaauw  Coe),  Frbschel  ('08),  Arise  Cll)  and 
Clark  ('13)  have  demonstrated  that  within  certain  limite 
orientation  to  light  is  dependent  upon  the  actual  amount 
of  energy  received.   This  is  in  accord  with  the  contin- 
uous-action theory.   Likewise,  Mast  ("11,  p.l63i  and 
Loeb  and  Ewald  ('14)  have  come  to  practically  the  same 
conclusion  in  regard  to  the  orientation  of  the  sessile 
polype  Eudendrium. 

The  chief  questions  that  are  at  issue  between 
these  two  theories  are:  (l)  Does  stimulation  during  ori- 
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entation  depend  upon  the  continuous  action  of  llg-ht  or 
to  time-rate  of  change  in  the  Inteneity?   (E)  Does  the 
same  stimulus  that  oausee  orientation  continue  to  act 
after  orientationV   (3)  Is  it  essential  that  the  photo- 
receptors which  receive  the  orienting  stimulus  be  placed 
symmetrloallyV 

While  this  work  was  not  taken  up  with  any  espec- 
ial reference  to  these  questions,  some  of  the  obserratlons 
bear  directly  upon  them.    In  regard  to  the  first  ques- 
tion, while  some  of  the  evidence  favors  the  change-of-in- 
tcnsity  theory  there  is  no  direct  evidence  that  stimula- 
tion during  orientation  is  due  neoesearlly  to  either  the 
actual  amount  of  energy  received  or  to  the  time-rate  of 
change  in  intensity.   This  is  not  the  case,  however, 
with  reference  to  the  last  two  questions. 

In  the  first  place  as  has  been  noted  (p,£6), 
when  an  animal  is  proceeding  away  from  the  source  of  il- 
lumination it  tends  to  wander  to  the  right  or  left 
(wandering  reflex).   When  the  animal  has  thus  turned  its 
head  laterally  to  the  extent  that  the  rays  of  light  enter 
the  mouth  of  the  pigment  cup  it  sharply  re-orients. 
This  behavior  strongly  suggests  that  once  the  animal  is 
oriented  it  receives  no/^stimulation  until  it  leaves  the 
path  of  orientation.   In  the  second  place,  it  was 
shown  above  (p. 61)  under  the  experiments  designed  to  map 


'-3     i^^     '■'■<.-}■■     -:M- 


.7  a  '    V  r      *  3  *'  0  _••«"«     f  i» n:T  r>|i 


89. 
the  regions  of  the  eye,  that  no  etlmulatlon  Is  received 
(or  more  exactly  no  reaction  follows  J  as  long:  as  the  pig"- 
ment-oup  is  between  the  source  of  illtunination  and  the 
rhabdomee.   iiow,  an  examination  of  the  relative  posi- 
tions of  the  eyes  shows  very  clearly  that  once  an  animal 
is  oriented  and  is  proceeding  away  from  the  light  no 
light  can  strike  the  rhabdomee  unless  it  does  pass  through 
the  pipment.   irom  these  observations  we  must  conclude 
that  when  a  planarian  is  moving  away  from  the  light  the 
pigment-cup  effectively  shades  the  sensory  portion  of  the 
eye,   iherefore,  as  there  is  no  continuous  illumination 
of  the  sensory  organs  involved  in  orientation  there  can 
be  no  continuous  stimulation  of  these  organs. 

The  fact  that  specimens  with  one  eye  removed 
orient  accurately  to  light  (fig. 8)  shows  clearly  that 
the  symmetrical  arrangement  of  the  two  eyes  is  not  essen- 
tial for  orientation. 

It  may,  therefore,  be  concluded  that,  while  our 
evidence  is  not  conclusive  in  regard  to  the  nature  of  the 
stimulus,  orientation  in  i'lanaria  maoulata  is  not  in  ac- 
cord with  the  "continuous -act ion'  theory  as  defined  by 
Loeb. 
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GESERAL  SUmURY. 

1.  The  eye  of  Planarla  maoulata  is  a  typloal  turbel- 
larlan  eye,  oonsieting  of  two  types  of  cells  —  the  ac- 
cessory cells  forming  the  pigment-cup  and  the  sensory 
cells  or  retinulae. 

2.  ii-ach  retinula  consists  of  three  rerlons,  —  the 
nucleus-hearing  region,  the  middle  region,  and  the  rhah- 
dome,  which  show  a  striking  resemblance  to  the  three  re- 
gions of  the  vertebrate  retinula,  via.,  the  myoid,  the 
ellipsoid,  and  the  rhabdome. 

3.  Planarla  macula ta  is  negative  to  light  and  orients 
accurately  to  a  horieontal  beam  of  light. 

4.  Orientation  is,  under  certain  conditions,  direct; 
the  animals  may  turn  directly  away  from  the  source  of 
light  without  preliminary  trial  movements.   i'rial  move- 
ments are,  however,  at  times  functional  in  the  process  of 
orientation. 

6.   ihe  location  of  the  bending  of  the  body,  when  the 
head  is  turned  away  from  the  light,  depends  upon  the  in- 
tensity of  the  light  —  the  higher  the  intensity  of  illu- 
mination the  more  posteriorly  the  point  of  bending  is  lo- 
cated.  It  is,  however,  never  located  farther  back  than 
the  pharynx. 

6.  If  the  intensity  is  high  enough  (or  possibly  con- 
tinued long  enough)  to  cause  the  bending  to  take  place  in 
the  region  of  the  pharynx,  the  animal  no  longer  bends  di- 
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reotly  away  from  the  light  "but  first  toward  and  then  away. 

7.  i>aring  the  reactions  of  animals  to  a  horlsontal 
team  of  light  two  marked  motor  reflexes  oocur,  viz.,  the 
twisting  reflex  and  the  wandering-  reflex. 

8.  Specimens  with  both  eyes  removed  do  not  orient  In 
directive  illumination  as  do  normal  specimens.   Ihey 
move,  however,  in  general,  away  from  the  light. 

9 .  Removal  of  both  eyes  does  not  appreciably  affect 
the  rate  of  locomotion  in  either  directive  or  non-direc- 
tive i  11  timi  nation. 

10.  Removal  of  the  anterior  end,  on  the  contrary, 
greatly  retards  the  rate  of  locomotion  in  both  directive 
and  non-directive  illumination. 

11.  Specimens  with  one  eye  removed  show  no  indloa»- 
tion  of  circus  movements  or  other  abnormal  motor  activ- 
ities. 

12.  Specimens  with  one  eye  removed  orient  accurately 
to  light,  when  illuminated  on  the  normal  side,  by  turning 
directly  away  from  the  source  of  light. 

13.  Such  specimens  do  not  orient  to  liffht  when  illu- 
minated on  the  "blind"  side  unless  the  head  is  moved  so 
that  li^t  enters  the  remaining  eye.   If,  however,  the 
head  is  moved  so  that  light  enters  the  remaining  eye 
(wandering  and  twisting  reflex i  accurate  orientation 
follows. 

14.  The  rhabdomes  in  the  eye  are  arranged  In  two  lo- 
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oallied  sensory  regions;  illumination  of  the  rhatdomeB 
of  the  posterior  and  ventral  edge  of  the  pigment  cup  Is 
followed  by  the  animal  turninp  toward  the  side  contain- 
ing the  eye,  while  Illumination  of  the  remaining  rhat- 
domes  is  followed  "by  the  animal  turning  In  the  opposite 
direction. 

15.  Specimens  possessing  only  the  anterior  portion 
of  one  eye,  when  illuminated  from  in  front,  do  not  turn 
sharply  toward  the  side  containing  the  eye,  as  do  spec- 
imens possessing  one  entire  eye.   The  loss  of  this  re- 
action in  such  specimens  is  supposed  to  be  due  to  the 
loss  of  the  rhabdomes  situated  on  the  posterior  margin 
of  the  pigment  cup. 

16.  Removal  of  the  posterior  portion  of  the  eye  does 
not  impair  the  capacity  of  the  remainder  of  the  eye  to 
function  in  a  normal  manner. 

17.  Specimens  possessing  only  the  posterior  portion 
of  one  eye  react  to  light  as  do  specimens  with  both  eyes 
removed.   nistological  examination  of  such  specimens 
shows,  however,  that  removal  of  the  anterior  portion  of 
the  eye  severs  the  connection  between  the  remaining  rhab- 
domes and  the  "brain" , 

18.  It  is  not  necessary  for  the  pigment  cup  to  act 
as  a  localizer  of  photic  stimulation  as  suggested  by 
Hesse  ('97). 
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19.  Light  must  strike  a  ffiven  rhabdome  parallel  with 
its  longitudinal  axis  in  order  to  oause  stimulation  of 
the  rhabdome.   Thus  the  position  of  the  longitudinal  ax- 
es of  the  rhabdomes  results  in  a  localization  of  photic 
stimulation. 

20.  It  is  possible  to  explain  this  looalizatioa  of 
photic  stimulation  in  the  individual  retinula:  (1)  by 
supposing  that  the  highly  refractive  middle  region  of  the 
retinula  acts  as  a  crude  lens  to  concentrate  the  rays  of 
light  on  the  rhabdome;  or  lEi  by  assuming  a  certain 
stnicture  of  the  rhabdomes  coupled  with  the  shading  ac- 
tion of  the  pigment  cup. 

81.  Correlated  with  the  fact  that  light  must  pene- 
trate a  given  rhabdome  parallel  with  its  longitudinal 
axis  in  order  to  oause  stimulation,  we  find  that  light  in 
entering  the  pi^ent  cup  from  any  given  direction  illu- 
minates the  rhabdomes  confined  to  a  definite  area  and 
that  a  large  propotion  of  the  rhabdomes  in  such  areas 
always  have  their  longitudinal  axes  directed  parallel  to 
the  stimulating  rays  of  light  and  in  the  case  of  light 
from  certain  directions  all  of  the  rhabdomes  which  are 
illuminated  have  their  longitudinal  axes  so  directed. 

22.  Once  an  animal  is  oriented  in  a  horizontal  beam 
of  light  it  receives  no  stimulation  until  it  leaves  the 
path  or  axis  of  orientation. 

23.  Orientation  to  light  is  not  dependent  upon  the 
symmetrical  arrangement  of  the  photoreceptors. 
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